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Abstract
Changes in marine production play a key role in determining the trophic structure of the
northeastern Pacific Ocean. This is a region of great environmental fluctuations due to modern,
historical, and paleo-environmental variability recorded throughout the Holocene. These
fluctuations are recorded in the bone collagen of the marine mammals that reside in these waters.
Marine mammal remains from four previously excavated archaeological deposits on Unalaska
Island, Alaska are used as a proxy for marine production changes throughout the Holocene
(4,500 BP to 350 BP). Historic and modern samples from museum collections, subsistence
harvests, and previously published data provide a distinct contrast to prehistoric marine
mammals. Stable carbon and nitrogen isotope ratios (δ13C and δ15N) derived from marine
mammal bone collagen correlate to changes in marine production and food web length. The 13C
and 15N of prehistoric marine mammal taxa covary through the Holocene, indicating no trophic
level change with fluctuations in 13C. Changes in δ13C and δ15N of marine mammals are
correlated to periods of environmental fluctuations within the Holocene. Cooler climatic periods
(transitional interval, beginning of the Neoglacial Interval, and Little Ice Age) show enriched
δ13C, reflecting primary production increase, compared to warmer climate periods (end of the
Neoglacial Interval into the Medieval Climatic Anomaly). Unidentified cetacean bones are
isotopically distinguishable into orders Mysticeti (baleen) and Odontoceti (toothed) due to
different feeding ecologies. The δ13C depletion in modern pinnipeds compared to prehistoric is
likely caused by the effect of increased anthropogenic atmospheric CO2 and resulting decrease in
primary production.
Keywords
Archaeofauna, stable carbon and nitrogen isotope ratios, marine mammal bone collagen,
Holocene
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Statement of Purpose

Currently, approximately 20% of all pinniped and cetacean species reside in the
northeastern Pacific Ocean due to its highly productive waters and breeding grounds (Parsons
and Anderson, 1970; Moore, 2008; Liu et al., 2016). This is a region of change due to temporal
environmental variability as well as historic and paleo-environmental fluctuations throughout the
Holocene (Mann et al., 1998; Berta et al., 2006; Mann et al., 2009). These changes are reflected
in both terrestrial and marine environments. Stable isotopes of marine mammal archaeological
and modern/historic bone can be used as a proxy for marine production and trophic dynamics.
The significance of this study is to document marine production levels as well as trophic
structure and their correlation to environmental fluctuations throughout the Holocene.
Additionally, determining the extent the observed fluctuations are ascribed to naturally occurring
cyclic changes or are related to anthropogenic inputs is critical to ascertain.

Introduction

Study Area
The productive waters of the northeastern Pacific Ocean, which support numerous microand macro-organisms, are bounded by both ocean currents and land. The Subarctic Current flows
eastward across the North Pacific Ocean to the North American continent (Stabeno et al., 1999).
The current bifurcates and the north-flowing water becomes the Alaskan Current (Musgrave et
al., 1992). The Alaskan Current flows northward towards the southern Alaska coast where it
becomes the Alaska Coastal Current. The strong Alaska Coastal Current is driven by winds as
well as freshwater runoff from the coastal region and flows southwestward along the southern
edge of the Aleutian Islands (Brewer et al., 2011; Ladd et al., 2005). This current is considered a
transition zone between shallow, nearshore and open ocean, pelagic ecosystems (Mundy, 2005).
The Alaskan Stream, the coastal edge of the current, follows the Alaskan Peninsula and along the
south side of the Aleutian Islands (Figure 1) (Ladd et al., 2005; Musgrave et al., 1992). The
volcanic Aleutian Islands, which stretch 1,800 km westward from the peninsula, separate the
North Pacific Ocean from the Bering Sea (Brewer et al., 2011; McCartney and Veltre, 1999). A
large volume of warm, fresh water (glacial run-off, snowmelt and rainfall) from the Alaska
1

Figure 1. Major oceanic currents of the northeastern Pacific Ocean, including larger passes
among the Aleutian Islands (Drumm et al., 2016).
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Coastal Current and Alaskan Stream enters the Bering Sea through 14 straits among the Aleutian
Island arc (Gorbarenko et al., 2005). Most of the surface waters enter the Bering Sea via the
Amchitka Pass and the eastern-most straits of the Aleutian Islands (Ladd et al., 2005; Takahashi,
2005).
The Aleutian Islands and the surrounding waters of the northeastern Pacific Ocean and
the Bering Sea are home to important fish stocks and marine mammals that feed in these
productive waters (Ladd et al., 2005; Schell et al., 1998; Stabeno et al., 2001). Oceanic primary
production is the creation of organic matter by phytoplankton via photosynthesis (Sigman and
Hain, 2012). Phytoplankton are single-celled, photoautotrophic organisms that inhabit the upper
layer of the ocean, the euphotic zone, in order to obtain sunlight (Chavez et al., 2011; Falkowski
et al., 1998; Martinez et al, 2009). Phytoplankton convert solar energy into biological energy in
the form of organic compounds (Millero, 2013). Their conversion of inorganic to organic carbon
supplies diverse heterotrophic organisms such as bacteria, zooplankton, swimming animals, and
benthic communities (Sigman and Hain, 2012). Zooplankton production (secondary production)
trophically connects phytoplankton to foraging fish, linking primary production to large fish,
benthic communities, and marine mammals (Mundy, 2005). Therefore, phytoplankton essentially
fuel all life within the oceanic food web (Chavez et al., 2011; Martinez et al, 2009; Schell et al.,
1998).
Primary production is limited by factors such as light, temperature, and nutrients. Plant
nutrients are inorganic molecules required for synthesis and cell growth and occur in low
quantities in the euphotic zone; their replenishment plays a dominant role in the regulation of
primary production (Chavez et al., 2011). Nutrient concentrations increase below the euphotic
zone because particulate organic matter sinks and bacteria digest it at depth, converting the
organic matter back into nutrients for plants, creating the biological pump (Barber and Chavez,
1983; Chavez et al., 2011; Sigman and Hain, 2012). Since the water column is stratified (light,
less dense surface waters over deep, dense waters, separated by a thermo- and halocline and
nutrient vertical gradients), physical processes must return the nutrients to the euphotic zone
(Chavez et al., 2011; Sigman and Hain, 2012). At high latitudes, winter cooling and storms
destabilize the water column, allowing nutrients to be brought to the surface and cause
phytoplankton to bloom after the winter mixing season when sunlight increases, and
spring/summer stratification redevelops (Chavez et al., 2011; Svendrup, 1953). Specifically, in
3

the waters surrounding the Aleutian Islands, the Alaska Coastal Current forces warm, fresher
water through the passes into the Bering Sea (Ladd et al., 2005), while the Alaska Stream forces
cold, nutrient-rich water into warm, oxygen-rich waters on the northern side of the Aleutian
Islands, resulting in highly productive marine systems (Brewer et al., 2011). Nutrients come
from deep waters from the Gulf of Alaska, which are the oldest ocean waters (National Research
Council, 1996). Cyclic variations in sea surface temperatures of the northern Pacific Ocean lead
to strong seasonality in biological productivity, in which the winter mixing of nutrients causes a
spring diatom bloom followed by a late summer/autumn coccolithophore bloom when the water
column has become stable (Haug et al., 2005). These blooms form the base of a rich and diverse
food web, supporting abundant marine animal life including whales, seals, sea lions, sea otters,
fish, invertebrates, and flora (Ladd et al., 2005).
Primary production can fluctuate based on the quantity of nutrients available for the
spring bloom (Chavez et al., 2011). Additionally, sunlight and seawater buoyancy are critical for
phytoplankton and can cause fluctuations in primary production (Sigman and Hain, 2012). The
Bering Sea is characterized by drastic seasonality, in which primary production responds to
changes in water temperature, sea ice cover, light intensity, and nutrient availability (Brown et
al., 2011; Stabeno et al., 1999). Within the Bering Sea, sea ice controls the timing and location of
extremely productive spring phytoplankton blooms (Stabeno et al., 2001), which prompts enough
organic matter to settle to the seafloor and sustain the entire shelf ecosystem throughout the year
(Caissie et al., 2010; Stockwell et al., 2001; Walsh and McRoy, 1986). Increase in sea
temperature and sea ice melt likely affect the timing and magnitude of primary production, with
cascading impacts on top predators (Brown et al., 2011; Sigler et al., 2016; Walsh and McRoy,
1986).

Short-term Climatic Variability
El Niño-Southern Oscillation (ENSO) is a source for inter-annual climate variation
within the Pacific Ocean and occurs at intervals of 2-7 years (Mantua and Hare, 2002; Mantua et
al., 1997; Newman et al., 2003). ENSO is the periodic fluctuations in sea surface temperatures
(SST) (referred to as the El Niño) and the atmospheric air pressure (referred to as the Southern
Oscillation) across the equatorial Pacific Ocean (McPhaden et al., 2006; Trenberth, 1997). ENSO
alternates between cycles of warm and cold sea surface temperatures of the tropical central and
4

eastern Pacific Ocean, which profoundly affects the productivity of the Pacific basin (Barber and
Kogelschatz, 1990). During the warm ENSO phase (El Niño), sea surface temperatures of the
equatorial Pacific Ocean are warm due to the weakening of the southwest trade winds, which
block the upward transport of nutrient-rich water from below surface waters (Barber and
Kogelschatz, 1990; Capotondi et al., 2015; McPhaden et al., 2006). This leads to a decline in
primary productivity, ultimately affecting the growth and survival of zooplankton and small fish,
as well as larger predators that feed on them (Brown et al., 2011; Tershy et al., 1991). The
opposite is observed during the cold ENSO phase (La Niña), in which the easterly trade winds
strengthen and the upwelling of cold deep nutrient-rich water intensifies along the equatorial
Pacific Ocean, causing a decrease in sea surface temperatures (Barber and Kogelschatz, 1990;
Capotondi et al., 2015; McPhaden et al., 2006). These ENSO events originate in the tropics and
propagate poleward, taking approximately 16 months for the oceanic conditions relating to
ENSO to traverse to coastal Alaskan latitudes. During El Niño events, the northeastern Pacific
coast experiences an increase in SST, blocking seasonal nutrient-rich upwelling and causing
trophic level die-offs starting with primary producers and continuing up the food web to apex
predators (Gifford-Gonzales, 2011).
The Pacific Inter-Decadal Oscillation (PDO) is the primary means of multi-decadal
fluctuations of SST in the northern Pacific Ocean that ultimately affects the productivity in the
region (Berta et al., 2006; MacDonald and Case, 2005; Martinez et al., 2009). PDO is the
changing of winds, temperature, and circulation in the North Pacific Ocean at intervals of 20-30
years (Hare and Mantua, 2000; Mantua et al., 1997; Newman et al., 2016). A prominent feature
of the PDO is the Aleutian Low (AL), a seasonal atmospheric low-pressure system that moves
between the Bering Sea and the Gulf of Alaska; its wintertime location affects ocean circulation
and sea level pressure patterns (Gedalof et al., 2002; Hare and Mantua, 2000; Mantua, 2002).
Therefore, studies of sea surface temperature and wind stress anomalies in the North Pacific
Ocean often focus on the PDO as the leading mode of variability (Mantua et al., 1997; Newman
et al., 2003). The PDO changes between warm (positive) and cool (negative) states, in which
decades of positive, warm phase PDOs experience below normal SST in the central and western
Pacific Ocean and above normal SST in the Gulf of Alaska due to the location of the AL
centered over the Alaska Peninsula (Mantua and Hare, 2002; Mundy, 2005). In northwestern
North America positive PDO phases are associated with decreases in winter precipitation,
5

snowpack, and streamflow, conditions similar to a weak El Niño (MacDonald and Case, 2005).
During decades of negative, cool phase PDOs, the opposite sea surface temperature and pressure
patterns are observed, in which central and western Pacific Ocean experience above normal SST
and the Gulf of Alaska experiences below normal SST (Mundy, 2005). The cause for the
changes in PDO phase may be due to non-linear dynamics of the ocean/atmosphere system
and/or caused by strong ENSO events (MacDonald and Case, 2005). Therefore, changes in these
environmental characteristics can have an influence on every trophic level in the North Pacific
Ocean (Brodeur and Ware, 1992; Hare and Mantua, 2000; Misarti et al., 2009; Overland and
Stabeno, 2004).

The Holocene
The transition from the Pleistocene epoch, 2.58 million years ago (Ma) to 11.7 thousand
years ago (ka), to the Holocene epoch, 11.7 ka to present, resulted in major ecosystem changes
including increase in sea level and decrease in continental glacial extent over the Aleutian
Islands and Alaska Peninsula (Elsig et al., 2009; Mann and Hamilton, 1995; Shackleton et al.,
2003; Walker et al., 2009). Continental ice sheets were at their greatest extent (Last Glacial
Maximum) 26.5 ka during the Pleistocene; therefore, the transition into the Holocene was also
accompanied by a decrease in sea ice and re-entry of the Alaska Coastal Current into the
southeastern Bering Sea (Mann and Hamilton, 1995; Sancetta and Robinson, 1983). This shift in
the marine environment caused changes in diatom assemblages from one dominated by sea ice
species to one dominated by open water North Pacific species as deglaciation continued (Caissie
et al., 2010). Phytoplankton production also increased with the disappearance of the freshwater
lens caused by sea ice melt around 10,000 BP, leading to a stable water column (Mann and
Hamilton, 1995; Sancetta et al., 1985).
The Holocene is an interglacial epoch, which included many cyclic climate fluctuations
and intervals; however, the magnitude of these fluctuations is much smaller than those that
occurred during the Pleistocene (Kaufman et al., 2004; Mann and Hamilton, 1995; Mann et al.,
1998). Evidence from pollen stratigraphy suggests four climatic intervals of the Holocene: the
first interval (11,700-9,000 years before present (BP), where present is defined as AD 1950), the
Hypsithermal Interval (9,000-6,000 BP), the transitional interval (6,000-3,500 BP), and the
Neoglacial Interval (3,500 BP to present) (Figure 2). The first interval experienced glacial retreat
6

Figure 2. Timeline of climatic intervals in the Holocene Epoch. Time is expressed in years before present (BP).
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due to a warmer climate than modern. However, the first interval had a 1-2℃ cooler summer
climate in southern Alaska compared to that of the following Hypsithermal Interval (Kaufman et
al., 2004; Mann et al., 1998). The warm and dry climate of the first interval in regions around the
North Pacific Ocean was believed to be due to a peak in high-latitude solar radiation (Mann and
Hamilton, 1995). The second division of the Holocene was the Hypisthermal Interval, also
known as the Holocene Climate Optimum (HCO), which was the warmest point in Earth’s
climate during the interglacial (Mann et al., 1998). Alaskan air temperatures were 3℃ higher
from its warmest period during the HCO (~ 8,000 BP) compared to the coldest parts of the
succeeding Neoglacial Interval (Kaufman et al., 2004; Mann et al., 1998). This period also had a
drier environment than what is seen today (Mann and Hamilton, 1995). Glaciers remained in
retreated positions throughout the coastal mountains bordering the Gulf of Alaska until 6,000 BP
(Calkin et al., 2001; Mann and Hamilton, 1995). The third division was a transitional period in
which climate was cooling with increased precipitation (Kaufman et al., 2004; Mann et al.,
1998). The final interval is the Neoglacial, which was marked by glacial expansion in response
to cooler and moister conditions after the middle Holocene (Barclay et al., 2009; Calkin et al.,
2001; Mann and Hamilton, 1995; Mann et al., 1998). Zooarchaeological evidence indicates that
during the height of the Neoglacial, sea ice expansion in the Bering Sea reached further south
and persisted for a longer period of time than modern sea ice in the region. This sea ice
expansion has been shown to be substantial enough to have altered the distribution of North
Pacific pinnipeds and cetaceans during this time period (Crockford and Frederick, 2007).
The Neoglacial Interval contained distinct warming and cooling periods, including the
Medieval Climate Anomaly and Little Ice Age. The Medieval Climate Anomaly (MCA) (1,100700 BP) was a period of increased temperatures across the continental Northern Hemisphere
(Mann et al., 2009). The MCA is consistent with the expected signature of a strong La Niña-like
pattern in the tropical Pacific Ocean in which strong cooling is observed in the eastern and
warming in the western Pacific Ocean (Mann et al., 2005). The suggested mechanism
responsible for this anomaly is the combination of high solar irradiance and inactive tropical
volcanism (Mann et al., 2009). The La Niña-like feature of the MCA strongly affected the North
Pacific Ocean when marine production in the region was reduced due to the increased water
temperatures (Mann et al., 1998). Evidence of the MCA in southern Alaska resides in soil
formation and forest growth as well as tree ring chronologies (Wiles et al., 2008). These data
8

suggest warming temperatures led to a decrease in winter sea ice (Davis, 2001) and recession of
coastal glaciers in southern Alaska, comparable to the glacier retreats that occurred by the late
20th century (Barclay et al., 2009).
Following the warmer conditions of the Medieval Climate Anomaly, the Little Ice Age
(LIA) (700-100 BP) describes the most recent 400-year climatic interval (Late Holocene) of
global cooling and temperature fluctuation associated with expansions and retreats of mountain
glaciers in the Northern Hemisphere (Calkin and Wiles, 1991; Davis et al., 2009; Lamb, 1977;
Mann, 2002). During this time, the majority of Alaskan coastal glaciers reached their Holocene
maximum extensions (Barclay et al., 2009; Calkin et al., 2001; Jones et al., 2014) and then began
to retreat by the 20th century (Mann, 2002). The LIA was characterized by colder temperatures
with a drier winter climate in southeastern Alaska and a wetter winter climate in southwestern
and northern Alaska (Gonyo et al., 2012; Jones et al., 2014). The colder temperatures allowed for
a massive increase in higher trophic level organisms during the LIA (Maschner et al., 2014).
When considered as a large-scale event, the LIA was a time of modest cooling of the Northern
Hemisphere with temperatures dropping by 0.6℃ throughout the 15th to 19th centuries; therefore,
the LIA was defined by greater climate variability rather than changes in the average climate
itself (Mann, 2002). It is thought that these shifts in regional climate during the LIA were
controlled by the intensity and position of the AL, as it has fluctuated significantly over the last
7,500 years (Anderson et al., 2005). Furthermore, paleoclimatic records show strongly negative
PDO phases associated with low sea surface temperatures (tree-ring chronologies) as well as
different prehistoric atmospheric circulation patterns, revealed in ice cores. That lead to basinwide reorganization of the ocean/atmospheric circulation of the northeastern Pacific system at
the end of the LIA, causing oceanic variability and resultant production changes (Fisher et al.,
2004; MacDonald and Case, 2005; Misarti et al., 2009). There is also evidence of arid conditions
in western North America as well as higher rates of upwelling and increase productivity along
the northeastern Pacific coast (MacDonald and Case, 2005).
Sea ice advances and retreats are a common theme that occurred throughout the
Holocene; overall, there has been a trend towards lower sea ice extent throughout the Holocene,
with cyclic oscillations of temperature and resultant sea ice coverage on a 2,500 to 3,000-year
period (McKay et al., 2008; Szpak et al., 2017). Sea ice coverage can ultimately affect the
production of marine ecosystems; sea ice can deliver organic matter to the benthos primarily
9

from the algae that grows in direct association with the sea ice and secondarily through direct
grazing (Gradinger, 2009; Szpak et al., 2017). For example, decreasing sea ice extent may
contribute to a long-term decline in food web δ13C; algal primary producers associated with sea
ice have a higher δ13C than pelagic phytoplankton (France, 1995; Gradinger, 2009; Newsome et
al., 2007; Schell, 2000). Additionally, sea ice is relevant for marine mammal breeding rookeries,
haul outs, denning areas, and hunting platforms (Szpak et al., 2017). It has been proposed (Dyke
and Savelle, 2001; Crockford and Frederick, 2007) that during most of the Neoglacial Interval,
sea ice would have blocked the Bering Strait until late summer. This would have blocked
migrations of whales and pinnipeds from the Bering Sea into the Chuckchi Sea. Late season sea
ice would have also prevented fur seals from using the Pribilof Islands within the Bering Sea as
summer rookeries (Crockford and Frederick, 2007). The long-term changes in summer sea ice
patterns observed throughout the Holocene also account for altered bowhead whale migrations
into Arctic feeding grounds (Dyke and Savelle, 2001).
Sea level is another environmental factor that has fluctuated throughout the Holocene.
Relative sea level depends largely on the effects of local, vertical movements of bedrock and
changing global ocean volume controlled by glacial state (Mann et al., 1998). Changes in sea
level can be referred to as eustatic, in which water is either being added or subtracted from the
ocean through exchanges with ice held in the polar caps or by changes in the shape of the ocean
basins, while the steric effect refers to sea level fluctuations produced by changes in water
density (Lambeck, 1990). In unglaciated regions, sea level dropped to a minimum around 18,000
BP and then rose rapidly during the global deglaciation (14,000- 7,000 BP) (Mann et al., 1998).
Earthquakes along the Aleutian Trench are the primary cause of instantaneous change in relative
sea level in the Gulf of Alaska due to the subduction of the Pacific Plate under the Alaska and
Bering Sea shelf of the North American Plate (Taber et al., 1991). Additionally, earthquakes can
generate tsunamis, which cause violent surges of sea waves. Landslides generated by volcanic
eruptions can also cause tsunamis, as at least nine caldera-forming eruptions have occurred on
the Alaskan Peninsula and eastern Aleutian Islands during the Holocene (Mann et al., 1998;
Miller and Smith, 1987). Therefore, the combination of tectonic activity and glaciation cause a
complicated sea level history in the northeastern Pacific Ocean during the Holocene.
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Marine Mammals
The marine mammals that occupy the northern Pacific Ocean, whether inhabitants or
migratory species, use this area for its productive waters (Bakun, 1990). Each group of marine
mammal fulfills a specific niche in the region, encompasses a range of feeding ecologies, and
forages at different trophic levels (Tucker and Rogers, 2014). Trophic levels are a hierarchical
way to classify organisms according to their feeding relationships within an ecosystem;
therefore, primary producers are assigned to trophic level 1 (TL 1), followed by secondary
producers (TL 2), and higher order carnivores (Thompson et al., 2008; Trites, 2001; Williams
and Martinez, 2004). Trophic level indicates the number of times chemical energy is converted
from the diet into the consumer’s biomass along the food chain, ultimately linking an organism
to the base of production (Thompson et al., 2008; Williams and Martinez, 2004). Marine
mammals are consumers of production at four of the five trophic levels, ranging from sirenians
and mysticetes, feeding on plants and zooplankton at the base of the food web, to killer whales
and polar bears as top carnivorous predators (Bowen, 1997; Pauly et al., 1998). Changes in a
species’ trophic level can be useful for detecting shifts in ocean production and species diet, as
changes in one trophic level of the food web can have significant effect on another (Trites, 2001;
Williams and Martinez, 2004).
Marine mammals do not always feed at discrete trophic levels, making it difficult to
definitively classify them trophically (Carscallen et al., 2012). The diet of marine mammals can
vary with age, as juveniles are thought to require prey items that are easier to capture than adults
(Berta et al., 2006). Sex must be taken into account when assessing the trophic level of a marine
mammal, as some pinnipeds (especially the Otariidae) are extremely sexually dimorphic;
therefore, both sex and age are strongly related to their trophic position (Michener and Schell,
1994; Perrin et al., 2002). Seasonal variations occur within the diets of marine mammals due to
times of migration or breeding in which the intake of food is reduced or ceased, prey seasonality,
as well as inter-annual variability in potential prey items related to ENSO events and PDO
regimes (Berta et al., 2006). Specific marine mammal trophic levels can be found on Appendix 1
(Pauly et al., 1998; Trites, 2001).
Sirenians (manatees and dugongs) occupy the lowest trophic level of all marine mammals
due to their herbivorous diet (Trites, 2001). The extinct Steller’s sea cow (Hydrodamalis gigas)
was the only species of sirenian to inhabit the subarctic waters of the North Pacific Ocean
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(Corbett et al., 2008). They traveled in herds and fed exclusively on seaweeds found in the
estuaries around the Commander Islands in the Bering Sea (Steller, 1988). Humans easily hunted
the slow and defenseless sea cows for meat, creating speculation that human predation was the
sole cause of their extinction (Corbett et al., 2008).
Baleen whales (mysticetes) occupy the next highest trophic level of marine mammals
(Trites, 2001). They are characterized by the absence of teeth, in which their feeding apparatus
consists of rows of baleen plates that project ventrally from the outer edges of the roof of the
mouth (Berta et al., 2006). Migratory baleen whales concentrate in the North Pacific Ocean
during the spring and summer feeding season for its resource availability in comparison to their
low latitude breeding grounds that are less productive (Witteveen et al., 2011; Zerbini et al.,
2006). Baleen whales primarily feed on plankton, small crustaceans, or small pelagic fish found
at shallow depths (Berta et al., 2006). Since these prey items are found at the bottom of the food
web, baleen whales have a trophic level range of 3.2-3.6 (Trites, 2001). For example, the blue
whale (Balaenoptera musculus) and bowhead whale (Balaena mysticetus) both feed on large
zooplankton, giving them a trophic level at the lower end of the range for baleen whales (Pauly
et al., 1998; Trites, 2001). While the humpback whale (Megaptera novaeangliae), fin whale
(Balaenoptera physalus), and minke whale (Balaenoptera acutorostrata) feed on larger
crustacean zooplankton and small pelagic fish that aggregate into large schools, they are grouped
into a higher trophic level (Pauly et al., 1998). Another marine mammal included within this
trophic level range is the sea otter (Enhydra lutris) (Trites, 2001). Sea others forage on benthic
invertebrates, primarily sea urchins, bivalve mollusks, and crustaceans (Berta et al., 2006).
Through predation on sea urchins, sea otters allow kelp forest to develop in near-shore
communities (Bowen, 1997).
Pinnipeds (seals, sea lions, and walruses) occupy the next highest trophic levels of marine
mammals (Pauly et al., 1998). Many species of pinnipeds use the productive North Pacific Ocean
for a food supply as well as breeding grounds (Gifford-Gonzalez et al., 2004). The most common
prey items of pinnipeds are fish and cephalopods; however, low trophic level invertebrates, such
as large crustacean zooplankton and bivalve mollusks, are important prey items to several
pinniped species (Berta et al., 2006). Walruses (Odobenus rosmarus) and bearded seals
(Erignathus barbatus) have the lowest trophic level of North Pacific pinniped species (National
Research Council, 1996; Pauly et al., 1998). Walruses primarily feed on the soft parts of benthic
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bivalves, with consumptions in Alaskan waters to be estimated at 6 bivalves/minute for males
(Bluhm and Gradinger, 2008; Oliver et al., 1983). Bearded seals are characterized as foraging
generalists whose prey species vary by geographic locations and seasons, and include pelagic
and demersal fishes as well as benthic invertebrates (Antonelis et al., 1994; Bluhm and Gradiner,
2008; Szpak et al., 2017). Next, members of the Phocidae family found in the northern Pacific
Ocean, ribbon seals (Phoca fasciata), ringed seals (Phoca hispida), spotted seals (Phoca largha),
and harbor seals (Phoca vitulina), take short, shallow dives nearshore to forage primarily on fish
species (Graham et al., 2010; Trites, 2001). Members of the Otariidae family found in the
northern Pacific Ocean, California sea lions (Zalophus californianus), northern fur seals
(Callorhinus ursinus), and Steller sea lions (Eumetopias jubatus), primarily forage offshore for
pelagic fish species along the continental shelf (Burton et al., 2001; Graham et al., 2010; Pauly et
al., 1998). Northern fur seals are migratory species that will travel from continental shelf waters
of the Bering Sea to open pelagic waters of the North Pacific Ocean, while Steller sea lions will
travel long distances from nearshore to open waters, but are not migraters (Springer et al., 1999).
Finally, the largest pinniped species, the northern elephant seal (Mirounga angustirostris),
primarily has a diet consisting of small squid and has the highest trophic level of all pinnipeds
(Pauly et al., 1998). This pinniped species migrates to the northeastern Pacific Ocean from
breeding sites off the coast of southern California (Springer et al., 1999).
Lastly, the marine mammals occupying the highest trophic levels are the odontocetes
(toothed whales) and the polar bear (Ursus maritimus) (Trites, 2001). Odontocetes eat a variety
of prey, including fish, squid, large crustaceans, birds, and even other marine mammals (Berta et
al., 2006). They usually take long, deep dives to forage for food (Winn et al., 1995). The toothed
whales that feed in the waters of the northern Pacific Ocean are Dall’s porpoises (Phocoenoides
dalli), harbor porpoises (Phocoena phocoena), sperm whales (Physeter macrocephalus), and
killer whales (Orcinus orca) (Pauly et al., 1998). Furthermore, polar bears feed exclusively on
ringed and bearded seals, giving it one of the highest trophic levels of all marine (Trites, 2001).
These marine mammals were and continue to be a vital resource to the native Unangan
people (also known as Aleuts) that have occupied the Alaskan archipelago dating back to 8,0008,500 BP (Corbett et al., 2008; McCartney and Veltre, 1999; Veltre and Smith, 2010). The
Aleuts focused their life on the sea and the coast to use its resources to support a large population
of approximately 12,000-15,000 people (Veltre and Smith, 2010). Their settlements included
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potentially year-round villages with dwellings that housed several related families, as well as
seasonal resource-specific camps along the coast (McCartney and Veltre, 1999; Veltre and
Smith, 2010). Aleut natives not only used the marine mammals that they hunted as a means of
food due to the high caloric nutrition they provided, but they also used body tissues for making
tools, clothing, and kayaks (Maschner et al., 2014; Yesner, 1988). The unwanted remains of the
animals were discarded into kitchen middens near the residential dwellings (Causey et al., 2005).
Over time, these middens became compact and transformed the waste products into cultural
layers, preserving inorganic materials such as bone, ivory, and shell (Veltre and Smith, 2010).
Archaeological analysis of these materials as well as dating of the deposited strata of the
middens, can provide an estimate of the relative abundance of the animal at the time of harvest
thousands of years ago as well as show changes in the ecosystem relative to modern day
distributions (Causey et al., 2005; Maschner et al., 2014).

Stable Isotope Ratios
Stable isotope analysis of fossil remains, such as bone, has become an increasingly
common technique for obtaining environmental and dietary information from a variety of species
and their habitats, including marine mammals (Clark et al., 2017; Clementz, 2012; Guiry et al.,
2012; Newsome et al., 2010; Schoeninger and Moore, 1992). Prior to the use of stable isotope
analysis as a tool in archaeology, ecological interpretations of fossils were based on morphology
of the specimen or study of the sediment (lithics) in which the fossils were deposited (Clementz,
2012). Morphological structure often correlates with function; therefore, examination of these
features can provide ecological information such as diet, trophic position, and community
structure (Meachen-Samules and Van Valkenburgh, 2009; Van Valkenburgh, 1995).
Additionally, the sediment surrounding fossil remains can be used to interpret the history of the
fossil and provide information on habitat, climate, and species association (Badgley and
Behrensmeyer, 1980; Behrensmeyer, 1988). However, applying these methods to fossil remains
can be problematic. Morphological traits of fossils may not be present in extant species, causing
insignificant comparisons between analogous structures of modern and extant species and their
related functions (Gorlova et al., 2015). Also, associating fossils with their sedimentary
environment can lead to biased interpretations due to transportation of the organism’s remains
from where it initially lived and died. This is especially true when analyzing samples sourced
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from archaeological (anthropogonic) midden deposits. Since the stable isotope proxies for diet
and habitat information are independent of inferences based on morphology and sedimentology,
they can provide a means of testing ecological interpretations stemming from the fossil record
(Clementz, 2012).
Most chemical elements exist as composites of two or more isotopes, either stable or
radioactively unstable (Schoeninger and Moore, 1992). Stable isotopes are energetically constant
forms of an element that differ only in the number of neutrons within the nucleus and are
considered to be stable, as they do not undergo elemental radioactive decay (Fry, 2006; Michener
and Lajtha, 2007; Schoeninger and Moore, 1992; Sharp, 2007). The addition of neutrons in the
nucleus causes the atom of the stable isotope to be slightly heavier in comparison to that of the
more abundant light isotope (Lajtha and Michener, 1994). The mass difference between light
(fewer neutrons) and heavy (more neutrons) isotopes can be observed as they cycle throughout
an ecosystem, and this results in a difference of reaction rate between isotopes of an element
(Fry, 2006; Schoeninger and Moore, 1992). The ratio of heavy to light stable isotope for an
element is measured using a mass spectrometer, compared against an international reference,
expressed as a ‘del’ value (δ), and measured in parts per thousand or per mil (‰) (Sharp, 2007).
Stable carbon (13C/12C or δ13C) and nitrogen (15N/14N or δ15N) isotope ratios can be used
for the study of primary production and dietary changes through time because they serve as a
natural label of mass flow (Koch et al., 2009; Peterson and Fry, 1987). As carbon and nitrogen
move though the biosphere, the baseline ratio of heavy to light isotopes changes through a
process known as isotopic fractionation (Fry, 2006). Fractionation is the difference between
stable isotope ratios of the substrate and product in which the stable isotopes of an element may
be found in different proportions in the product (Shoeinger, 1995). Fractionation occurs in these
elements because light isotopes are more favorable in chemical (metabolic) processes, as the
bonds of heavy isotopes are harder to create and break relative to light isotopes (Shoeninger,
1995; Gorlova et al., 2015). This results in the biological sample either having a heavier (more
positive δ value; enriched) or lighter (more negative δ value; depleted) ratio of heavy to light
isotope compared to the standard (Shoeninger, 1995; Sharp, 2007).
Fractionation is also observed between the stable isotope ratios of consumers and their
prey. For instance, the carbon and nitrogen of a marine mammal’s diet are sourced from the
carbohydrates, lipids, and proteins that it consumes (Newsome et al., 2010). As matter moves
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from one trophic level to the next, the isotopic ratios shift by a predictable and consistent amount
(DeNiro and Epstein, 1978, 1981). This causes a consumer to be slightly enriched in δ13C (0.5 to
1.0‰) and more so in δ15N (3 to 5‰) relative to their diet (DeNiro and Epstein, 1978, 1981;
Hirons et al., 2001; Minagawa and Wada, 1984; Peterson and Fry, 1987). The ratio of stable
carbon isotopes can be used to evaluate the carbon source of an organism since δ13C changes
little as it moves through the food web, while the ratio of stable nitrogen isotopes can be used to
estimate trophic position of an organism (Michener and Lajtha, 2007; Post, 2002). Therefore,
δ13C and δ15N in animals depends on their position in the food web as well as the isotopic
composition of primary producers at the base of the food web (Gorlova et al., 2015).
Bone is an ideal tissue to use for stable isotope analysis because it consists of an
inorganic mineral, bioapatite, and an organic, protein collagen matrix that is assimilated from the
carbon and nitrogen contained within the protein of the consumer’s diet (Koch et al., 2009;
Turner Tomaszewicz et al., 2015, 2016). Bone collagen is a fairly stable structure and can be
preserved intact for a long period of time (Gorlova et al., 2015). Bone collagen has a slow
turnover rate; this is the time it takes for consumer tissue to reflect the isotopic composition of its
food resources through tissue growth and replacement (Hesslein et al., 1993; Madigan et al.,
2012; MacAvoy et al., 2006). The turnover rate of bone collagen is as much as 10 years in large
adult marine mammals (Hirons et al., 2001; Lee-Thorp et al., 1989). However, the turnover rate
for juvenile marine mammals is much faster, on the order of months rather than years due to their
rapid growth (Lee-Thorp et al., 1989). Even after sexual maturity is reached, the reabsorption of
old bone and the creation of new bone is a continuous process (Gorlova et al., 2015). As bone is
remodeled, collagen produces stable isotope signatures reflecting a long-term dietary average
over a substantial portion of the animal’s life (Guiry et al., 2012; Koch et al., 1994; Tieszen et
al., 1983). Additionally, it is assumed that stable isotope values from any given bone are
representative of the entire skeleton, an individual’s isotopic composition does not significantly
differ from that of the population, and males and females feeding on the same diet will have the
same isotopic ratios (Clark et al., 2017; DeNiro and Schoeninger, 1983). Taken together, these
factors allow the bone to incorporate isotopic values of diet and track environmental change over
a long period of time (Schoeninger and DeNiro, 1984).
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Carbon Isotopes Ratios
Stable carbon isotope ratios (δ13C) are used to estimate the major source of carbon within
a food web due to isotopic variations originating at the base of the food webs and metabolic
pathways in the organisms (DeNiro and Epstein, 1978, 1981; MacKenzie et al., 2011; Post,
2002). Differences in δ13C are determined by plants (phytoplankton) up-taking isotopically
distinct materials and nutrients (atmospheric CO2, respired CO2, or dissolved carbonate) and
utilizing one of the three photosynthetic pathways (C3, C4 or crassulacean acid metabolism,
CAM) (Clementz, 2012; DeNiro and Epstein 1978; Schoeninger and Moore, 1992). During the
cycling of carbon between the ocean (dissolved carbonate) and the atmosphere (CO2), 13C in the
atmosphere is depleted relative to the oceanic pool due to equilibrium isotope fractionation
(Schoeninger, 1995; Schoeninger and Moore, 1992). Kinetic isotopic fractionation occurs during
photosynthesis, where 12C is metabolically preferential to 13C, and results in the primary
producers having a more depleted δ13C relative to the standard atmospheric CO2 (Gannes et al.,
1998; Gorlova et al., 2007). Furthermore, a decline in primary production by phytoplankton at
the base of the food web would also result in a δ13C decline (Bidigare et al., 1997; Laws et al.,
1995). The small fractionation of δ13C (0.5 to 1.0‰) from the diet to the consumer is useful for
tracing primary producers within food webs, especially where there are differences in δ13C found
within an ecosystem (Michener and Lajtha, 2007). Therefore, stable carbon isotope analysis is
often applied to the study of archaeofauna marine mammals to obtain paleodietary information
(Clementz, 2012).
In addition to providing paleodietary information, linkages between consumer and
producer δ13C have been used to examine how the environmental conditions experienced by a
marine mammal have shifted over time (Bump et al., 2007; Koch, 1998). The δ13C of primary
producers (phytoplankton) can fluctuate in response to environmental changes such as light
intensity, CO2 concentration, and nutrient availability (Clementz, 2012). Phytoplankton
fractionation is mainly a function of cell growth rate; therefore, as phytoplankton grow more
rapidly, its δ13C increases (Hilton et al., 2006; Hirons et al., 2001; Laws et al., 1995; Schell
2000). If these changes persist over long periods of time, the resulting stable carbon isotopic shift
can be passed onto foraging consumers (Newsome et al., 2010). The positive relationship
between phytoplankton growth (primary production) and phytoplankton carbon isotope values
are commonly used in the interpretation of long-term trends in consumer δ13C values (Hirons et
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al., 2001; Newsome et al., 2007; Schell 2000). Furthermore, higher trophic level organisms are
thought to be better ecological integrators of environmental change compared to lower trophic
level organisms due to an increase in sample size and resulting reduced variation (Bump et al.,
2007).
Nitrogen Isotopes Ratios
Stable nitrogen isotope ratios (δ15N) can be used to predict trophic level position within
the food web as well as potential food source (DeNiro and Epstein, 1978, 1981; Post, 2002).
Most of the world’s nitrogen is bound as N2 gas in the atmosphere or dissolved in the ocean
(Peterson and Fry, 1987; Schoeninger and Moore, 1992). There are two processes that transfer
nitrogen into the biological form: N2 fixing organisms and bacterial breakdown of dead
organisms’ organic matter (Schoeninger and Moor, 1992). Once biologically available, an animal
obtains nitrogen from dietary protein (Newsome et al., 2010). During the assimilation of
proteins, 14N is preferentially used to produce isotopically light metabolites (Gannes et al., 1998).
The 15N is incorporated into the tissue of the consumer, enriching the δ15N relative to its diet
(Kelly, 2000; Miller et al., 2007). To preserve mass balance, the 15N tissue enrichment is offset
by the urinary loss of 14N via excretion of isotopically light nitrogen in the form of urea,
ammonia, or uric acid (Hobson et al., 1997; Minagawa and Wada, 1984; Peterson and Fry,
1987).
Stable nitrogen isotopes in animal tissues are highly fractionated during the feeding
process and can be used to estimate trophic position (Minagawa and Wanda, 1984; Post, 2002).
There is a 3-4‰ enrichment of δ15N as organisms feed at higher trophic levels (DeNiro and
Epstein, 1981; Post, 2002). Since there is a stepwise 15N increase with trophic level,
measurement of δ15N in consumers can allow for estimation of δ15N of their average diet,
determining trophic relationships in complex food webs (Hobson and Welch, 1992; Hobson et
al., 1997). Therefore, any shifts in the length of the food web via productivity level fluctuations
or alterations in trophic level position of an individual organism in response to environmental
changes will be reflected in the δ15N of the organism (Hobson and Welch, 1992).
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Hypotheses
Naturally occurring changes within the Earth’s ocean and atmosphere systems throughout
the Holocene, including atmospheric cooling and increase in sea ice during the Neoglacial
followed by climatic warming, can result in fluctuations in marine production and trophic
structure. Modern levels of anthropogenic CO2 have further emphasized these environmental
changes. The marine mammals that inhabit the northeastern Pacific Ocean integrate these
environmental signals into their skeletons via diet. Stable carbon and nitrogen isotope ratios
recorded in their bone collagen have fluctuated throughout the middle and late Holocene, and
these fluctuations are expected to correlate to intervals of environmental changes based on
various proxies (tree rings and ice cores). These changes can be reflected in either depletion or
enrichment in δ13C and 15N, and result in altered production and length of food webs. During
Holocene warming (Medieval Climatic Anomaly), the 13C of bone collagen will decrease
(become more negative), indicating less primary production. This would lead to an increase in
15N, indicating an increased number of trophic levels. As primary production decreases, more
competition would result throughout the food web for remaining resources, thereby increasing
the number of trophic levels. However, Holocene cooling (transitional interval, Neoglacial
interval, and Little Ice Age) would provide for increases in primary production, reflected as a
more positive 13C in bone collagen. This would lead to a decrease in 15N, leading to less
competition for food resources and fewer trophic levels. Additionally, it is expected that stable
carbon and nitrogen isotope ratios will differ among cetacean remains. Cetaceans are comprised
of both baleen and toothed whales, each foraging at distinct trophic levels.

Objectives

The purpose of this study is to document the stable isotope composition of marine
mammal bone collagen, which should reflect changes in primary production and trophic
structure, and then correlating these changes to periods of environmental fluctuations throughout
the Holocene. Additionally, this study determines which observed changes can be ascribed to
naturally occurring cyclic changes or are related to anthropogenic inputs. For example, the
Medieval Climatic Anomaly and Little Ice Age are both recent climatic fluctuations that
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preceded major anthropogenic modification due to increasing greenhouse gases. Anthropogenic
influence on the ecosystem will have only occurred during the past 200 years but understanding
the extent of that influence relative to natural cyclic patterns is difficult to ascertain. Our current
understanding of the controls on production and the time scales over which these controls vary is
limited. The significance of these data can help predict future primary production changes and
resulting food web modifications. By modeling production relative to a shifting environment, we
may predict marine food web changes, which will additionally impact subsistence human food
supply. The extent of observed fluctuations may then be ascribed to naturally occurring cyclic
patterns, creating baseline values to determine the level of anthropogenic influence and helping
to predict future ocean production changes. As the planet continues to warm, changes in ocean
production are inevitable.
The specific objectives of this study were to 1) extract collagen from archaeological
marine mammal bones collected from sites found in the eastern Aleutian Islands in the
northeastern Pacific Ocean and dated from 4,500 BP to 350 BP; 2) use stable isotope ratio mass
spectrometry to analyze bone collagen in order to obtain 13C and 15N for a time period; 3) use
statistical analysis to determine if 13C and 15N differ temporally (throughout the Holocene); 4)
compare 13C and 15N of individual marine mammal species among sites; 5) use these data to
examine marine production changes in the North Pacific Ocean as well as assess the trophic level
at which organisms have foraged throughout the Holocene; 6) attempt to link these changes in
production and trophic dynamics to periods of environmental fluctuations (based on proxy
evidence) throughout the Holocene; 7) reconstruct a marine production timeline to use as
baseline data to help determine the extent observed fluctuations can be ascribed to anthropogenic
influences; and 8) use the baseline data to help predict potential future primary production
changes and resulting food web modifications.

Materials and Methods

Permits
No marine mammal permits, including an Institutional Animal Care and Use Committee
(IACUC) or a Convention on International Trade of Endangered Species of Wild Fauna and
Flora (CITES), were necessary for this study. All the samples are previously deceased, resided
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within the United States, date prior to the 1972 Marine Mammal Protection Act, or were sampled
under previously permitted studies (museum and subsistence harvested samples). All
archaeofaunal material was in the possession of Drs. Amy C. Hirons and Michael A. Etnier.

Sample Collection
Zooarchaeological marine mammal bones were collected from four archaeological sites
on Unalaska Island located within the Aleutian Islands (Figure 3). The four archaeological sites
are located on the northern side of Unalaska Island and are identified as Margaret Bay (UNL 48),
Amaknak Bridge (UNL 50), Summer Bay (UNL 92), and Amaknak Spit (UNL 55) (Figure 4).
UNL 48 and UNL 50 are also termed early prehistoric sites and UNL 92 and UNL 55 are termed
late prehistoric sites. All archaeofaunal material collected from these sites were previously
identified and radiocarbon dated by R. Knecht, Director of the Museum of Aleutians, Dutch
Harbor, Alaska (Knecht et al., 2001; Knecht and Davis, 2001; Knecht and Davis, 2005). Bones
were dated based on material (wood, charcoal, or other unidentified charred material) found
along with the bones within each stratigraphic unit of each site. These four sites show evidence
of Unangan occupation from 5,500 to 200 BP, while the faunal remains found at each site have a
narrower range from 4,500 to 350 BP (Table 1). All dates are expressed as calibrated
radiocarbon dates before present (BP) to account for changes in atmospheric 14C until 1950 AD.
Table 2 indicates the sites from which prehistoric pinniped and cetacean bones were collected.
Each bone element was identifiable to an individual animal from a specific provenience within
the site, reducing the likelihood that two or more bone samples represented the same individual.
Modern cetacean (orders Mysticeti and Odontoceti) bone collagen 13C and 15N values
were sourced from Schoeninger and DeNiro (1984) (Table 3). Those whale data were from the
North Pacific Ocean and located from sites in Alaska and Canada. These locations were included
as both prehistoric and modern cetaceans could have occupied these regions of the North Pacific
Ocean. While no precise years of death/collection were provided, whale bones were sampled
prior to the publication date 1984. Historic and modern pinniped bones were sourced from
museum collections (Carnegie Museum, Alaska Museum of the North, and National Museum of
Natural History, Smithsonian Institution) and subsistence animals from the Harbor Seal
Commission (Table 4). Historic samples represent the years AD 1819 to AD 1949 and modern
samples represent AD 1950 to present, to match the reporting of radiocarbon ages as “before
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Figure 3. Map of the Aleutian Island chain in the northeastern Pacific Ocean and the study site for this project, Unalaska Island,
indicated within the red box (Drewes et al., 1961).
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Figure 4. Study region and location of marine mammal bone collection sites. Red box indicates Unalaska Island and purple box
indicates the location of the archaeological sites on the northern side of the island. Black dots indicate the locations of the four
archaeological sites on the northern side of Unalaska Island. UNL 48= Margaret Bay, UNL 50= Amaknak Bridge, UNL 92= Summer
Bay, and UNL 55= Amaknak Spit.
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Table 1. Archaeological sites on Unalaska Island, Alaska. Charcoal and wood in the strata were
radiocarbon dated, calibrated, and expressed in years before present (BP) (Knecht et al., 2001;
Knecht and Davis, 2001; Knecht and Davis, 2005). *No calibrated faunal remains; therefore,
date of human occupation was used for date of faunal remains from Summer Bay.
Site Code

Site Name
Margaret Bay

Approximate Date of
Human Occupation
5,500-3,100 BP

Approximate Date of
Faunal Remains
4,500-3,500 BP

UNL 48
UNL 50

Amaknak Bridge

3,300-2,700 BP

3,500-2,500 BP

UNL 92

Summer Bay

2,100-1,800 BP

2,100-1,800 BP*

UNL 55

Amaknak Spit

650-290 BP

550-350 BP
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Table 2. Total number (N) of sampled prehistoric marine mammal bones from each archaeological site processed and analyzed for
13C and 15N. Dashes (-) indicate no samples present.
Taxa

Species

Mustelidae
Otariidae
Otariidae
Phocidae
Phocidae
Odobenidae
Carnivora
Phocoenidae
Phocoenidae
Delphinidae
Cetacea
Ursidae
Total

Enhydra lutris
Callorhinus ursinus
Eumetopias jubatus
Phoca vitulina
Phoca hispida
Odobenus rosmarus
Unidentified pinnipeds
Phocoenoides dalli
Phoceona phocoena
Orcinus orca
Unidentified cetaceans
Ursus maritimus

Amaknak Spit
UNL 55
7
25
36
6
18
92

Summer Bay
UNL 92
1
9
10

Amaknak Bridge
UNL 50
17
17

Margaret Bay
UNL 48
3
19
29
8
4
3
10
7
7
1
10
3
104

Total
N
10
44
65
14
4
4
10
7
7
1
54
3
223
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Table 3. Modern cetacean bone samples from Schoeninger and DeNiro (1984). AK =Alaska, and
CA=Canada.
Sample #

Order

Scientific Name

Common Name

Site

453
455

Mysticeti
Mysticeti

Balaena mysticetus
Balaena mysticetus

Bowhead whale
Bowhead whale

AK
AK

456
461

Mysticeti
Odontoceti

Balaena mysticetus
Delphinapterus leucas

Bowhead whale
White whale

AK
CA

462

Odontoceti

Delphinapterus leucas

White whale

AK
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Table 4. Modern pinniped bone samples. Samples met the collagen quality criteria indicating good collagen preservation: atomic C/N
ratio = 2.9-3.6 (DeNiro, 1985). NMNH= National Museum of Natural History, Smithsonian Institution, CM= Carnegie Museum,
UAM= Alaska Museum of the North, BS= Bering Sea, WGOA= western Gulf of Alaska, CGOA= central Gulf of Alaska, and
SEGOA= southeastern Gulf of Alaska. Sex and age of specimens listed when available.
Sample #

Order

Species

Species #

Source

Location

Year (AD)

ARC 055
ARC 054
ARC 053
ARC 052
ARC 050
ARC 057
ARC 048
ARC 047
ARC 046
ARC 045
ARC 044
ARC 043
ARC 041
ARC 040
ARC 039
ARCFS 002
ARCFS 010
ARCFS 004
ARCFS 001
ARCFS 005
ARCFS 008
ARCFS 014
ARCFS 015

Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora

Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus

11696
12742
14225
20866
188975
175778
199329
217366
219864
219788
267556
285715
276044
276388
285521

NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM

BS
BS
BS
BS
BS
BS
BS
BS
BS
BS
WGOA
BS
BS
BS
BS
BS
BS
WGOA
BS
BS
CGOA
BS
BS

1870
1872
1875
1880
1891
1911
1914
1915
1916
1918
1937
1940
1947
1948
1949
1952
1952
1954
1955
1955
1957
1960
1961

Sex

Age

Male

Adult

Male
Male
Male
Male
Male

Male
Male
Male
Male

Adult
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ARCFS 009
ARCFS 007
ARCFS 003
ARCFS 006
ARCFS 011
ARC 024
ARC 034
ARC 022
ARC 021
ARC 033
ARC 018
ARC 019
ARC 016
ARC 014
ARC 013
ARC 012
ARC 011
ARC 010
ARC 009
ARC 008
ARC 006
ARC 003
ARC 002
ARC 001
ARCSL 210
ARCSL 201
ARCSL 220
ARCSL 207
ARCSL 227

Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora

Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Callorhinus ursinus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus

15359
34835
38214
38220
47104
959
958
140754
152135
202705
229226
228877
233505
246499
256492
267526
270973
276031
276354
1532
1528
11503
11502
11508

UAM
UAM
UAM
UAM
UAM
NMNH
NMNH
NMNH
NMNH
NMNH
CM
CM
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
NMNH
UAM
UAM
UAM
UAM
UAM

CGOA
BS
BS
WGOA
BS
WGOA
BS
WGOA
WGOA
BS
BS
BS
WGOA
SEGOA
BS
SEGOA
SEGOA
SEGOA
SEGOA
WGOA
WGOA
BS
BS
BS
BS
BS
CGOA
CGOA
CGOA

1961
1965
1976
1976
1995
1875
1880
1880
1883
1892
1900
1900
1905
1908
1911
1917
1918
1919
1925
1930
1937
1940
1946
1948
1953
1953
1956
1956
1957

Male
Male
Male

Male
Female
Male
Male
Male
Male

Male
Male
Male

Adult
Adult
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ARCSL 209
ARCSL 231
ARCSL 217
ARCSL 218
ARCSL 226
ARCSL 222
ARCSL 205
ARCSL 202
ARCSL 221
ARCSL 232
ARC 318
ARCSL 208
ARCSL 229
ARCSL 225
ARCSL 206
ARCSL 228
ARCSL 219
ARCSL 212
ARCSL 211
ARCSL 216
ARCSL 214
ARCSL 213
ARCSL 215
ARC 305
ARC 310
ARC 303
ARC 319
ARC 308
ARC 316

Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora

Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus

5011
11507

11505
11510
11509
11636
41945
11470
18552
88888
31706
24092
31947
31946
30177
32733
31962
31963
30426
43370
73070
79786
62412
97567
66470
97611

UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM

BS
BS
WGOA
WGOA
BS
BS
CGOA
BS
BS
BS
BS
WGOA
BS
CGOA
WGOA
BS
BS
BS
BS
BS
BS
BS
BS
BS
BS
BS
CGOA
BS
SEGOA

1958
1960
1960
1960
1961
1965
1966
1971
1971
1974
1975
1978
1979
1988
1989
1993
1993
1994
1994
1995
1995
1995
1996
1998
1998
1999
1999
2000
2000
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ARC 307
ARC 306
ARC 315
ARCHS 168
ARCHS 177
ARCHS 182
ARCHS 149
ARCHS 224
ARCHS 171
ARCHS 179
ARCHS 144
ARCHS 186
ARCHS 152
ARCHS 139
ARCHS 145
ARCHS 146
ARCHS 151
ARCHS 148
ARCHS 173
ARCHS 162
ARCHS 192
ARCHS 161
ARCHS 198
ARCHS 183
ARCHS 195
ARCHS 200
ARCHS 184
ARCHS 160
ARCHS 159

Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora

Eumetopias jubatus
Eumetopias jubatus
Eumetopias jubatus
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina

94708
97396
97395

UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM

BS
CGOA
CGOA
CGOA
CGOA
WGOA
BS
CGOA
CGOA
CGOA
WGOA
WGOA
SEGOA
SEGOA
SEGOA
SEGOA
SEGOA
WGOA
BS
BS
BS
WGOA
WGOA
WGOA
WGOA
WGOA
BS
CGOA
BS

2001
2002
2002
1951
1952
1952
1953
1955
1956
1956
1964
1964
1965
1965
1965
1965
1965
1965
1966
1968
1970
1970
1971
1971
1972
1972
1973
1973
1974
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ARCHS 143
ARCHS 147
ARCHS 164
ARCHS 181
ARCHS 188
ARCHS 167
ARCHS 201
ARCHS 178
ARCHS 150
ARCHS 203
ARCHS 174
ARCHS 163
ARCHS 166
ARCHS 199
ARCHS 197
ARCHS 154
ARCHS 154
ARCHS 189
ARCHS 155
ARCHS 158
ARCHS 157

Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora
Carnivora

Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina
Phoca vitulina

UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
UAM
HSCOMM
UAM
UAM
HSCOMM
HSCOMM
HSCOMM

CGOA
CGOA
WGOA
CGOA
WGOA
CGOA
WGOA
BS
BS
CGOA
BS
WGOA
WGOA
CGOA
CGOA
SEGOA
SEGOA
CGOA
SEGOA
SEGOA
SEGOA

1975
1975
1976
1977
1977
1978
1978
1979
1979
1980
1981
1981
1985
1989
1993
1995
1995
1996
1996
1996
1996
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present,” where “present” is defined as AD 1950. Historic and modern pinnipeds originated in
the northeastern Pacific Ocean and Bering Sea. The western Gulf of Alaska (WGOA) region is
defined as Kodiak Island westward through the Aleutian Islands. The central Gulf of Alaska
(CGOA) encompasses the region east of Kodiak Island (Seward, Prince William Sound,
Cordova, and Yakatut) to the 144W longitudinal line. The southeastern Gulf of Alaska
(SEGOA) is eastward from 144W to the Canadian border. Taxa of marine mammal bones found
in both the archaeological sites and historic/modern collections could have occupied all three
regions of the Gulf of Alaska (WGOA, CGOA, and SEGOA), Bering Sea, and northeastern
Pacific Ocean.; therefore, historic/modern pinniped bones were included from all these locations.

Sample Preparation
All sample preparation was conducted at Nova Southeastern University’s Oceanographic
Center, Dania Beach, Florida. Bone collagen was extracted from 223 prehistoric archaeofaunal
bone samples to determine 13C and 15N values. These samples represent 12 marine mammal
taxa including five species of pinnipeds (seals, sea lions, and walrus), unidentified pinnipeds, and
unidentified cetaceans, representing orders Mysticeti (baleen) and Odontoceti (toothed) whales.
Historic and modern pinniped samples consist of 131 individuals representing three taxa.
Schoeninger and DeNiro (1984) data were from five modern cetacean individuals.
Collagen was extracted following the protocol of Hirons (2001) and Matheus (1997).
Approximately one gram of bone was cut as a solid piece from the mandible or shaft of a long
bone using a Dremel fitted with a metal cutting wheel. Samples were cut and placed in
individually labeled test tubes and sonicated for 15 minutes with deionized (DI) water to remove
surface and impacted humic contaminants. Bone samples were lipid extracted using an
ethanol/methanol/chloroform procedure described in Bligh and Dyer (1959). The bone samples
were rinsed in triplicate with DI water in between chemical treatments. The samples were then
demineralized in 2N (~15%) hydrochloric acid (HCl) to liberate all calcium carbonates within
the bones. Samples were agitated with a vortex mixer and stored at 5℃ (refrigerator) for
approximately fourteen to twenty-one days to complete digestion. Fresh 15% HCl was added to
the samples daily. Complete digestion was tested by the addition of approximately 5 ml 50%
HCl. If no carbon dioxide gas bubbles were formed, digestion was complete. The remaining
collagen plug was rinsed with DI water five times to neutralize the pH of the sample.
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Bone collagen samples were just covered with DI water and heated in a block
approaching 100℃ to avoid boiling the samples and thereby denaturing the collagen. The
samples were heated for approximately one to two hours to drive collagen into solution and
precipitate the peptides. The solution was then passed through a 0.45 non-sterile Teflon filter
and into a labeled glass shell vial. Collagen samples were then placed in a drying oven set at
60℃ for a minimum of 72 hours until the water had evaporated and only the collagen residue
remain.

Stable Isotope Analysis
Approximately 0.6-0.8mg of each sample were weighed and pelletized in 3.5 x 5mm
sterile aluminum tin capsules for stable isotope analysis at the Smithsonian Institution Museum
Support Center in Suitland, Maryland. Samples were combusted and analyzed using a Thermo
Delta V Advantage mass spectrometer in continuous flow mode coupled to an Elementar vario
ISOTOPE Cube Elemental Analyzer (EA) via a Thermo Conflo IV. For every 10-12 samples, a
set of standards were run to ensure proper functioning of the mass spectrometer. Standards
include Costech acetanilide D and a urea (Urea-UIN3) standard, both of which are calibrated to
USGS40 (L-glutamic acid) and USGS41 (L-glutamic acid). All samples and standards were run
with the same parameters and procedures, including an expected reproducibility of the standards
to be < 0.2‰ (1σ) for both δ13C and δ15N.
The ratio of the heavy to light isotopes for each bone collagen sample was expressed in
terms of δ and were reported in comparison to the standard reference material Pee Dee Belemnite
(PDB) for carbon and atmospheric air (N2) for nitrogen. The stable isotope values were obtained
from the following equation:
δX= [(Rsample/Rstandard)-1] x 1000
where X is the isotope being analyzed (ie. 13C or 15N) and R is the ratio of the heavy to light
isotope (ie. 13C/12C or 15N/14N). The units of the δ values were expressed in parts per thousand or
per mil (‰). Raw isotope values were corrected using a 2-point linear correction on the
calibrated Costech acetanilide and urea standards.
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The total weight of carbon (weight %C) and nitrogen (weight %N) were calculated using
a peak area calibration based on the homogeneous Costech acetanilide standard. The molar ratio
of carbon (C) to nitrogen (N) (C/N atomic ratio) was determined for each sample to account for
collagen preservation. The C/N atomic ratios were calculated based on the equation:

weight % C/ atomic weight C
weight % N/ atomic weight N

Well-preserved, fossil bone collagen should have C/N atomic ratios from 2.9 to 3.6 (DeNiro,
1985). This indicates that the protein content of the sample did not undergo diagenesis, thus
biasing the δ13C data. Additionally, well-preserved, fossil bone collagen should have a
weight %N value of 11-16% and weight %C value of ~35% (Ambrose, 1990; Clementz, 2012).
These factors make up the collagen quality criteria.

CO2 Correction Calculations
When comparing the stable isotope composition of biologic tissues from different time
periods, it is necessary to take into account isotopic changes in the atmosphere and ocean.
Significant atmospheric changes in stable isotope ratios in the previous centuries can be
explained by the Suess Effect, in which a decrease in δ13C of atmospheric CO2 is due to human
activity (Keeling, 1979). During the Industrial Revolution, the burning of fossil fuels and the
changes in land use led to an increase in 13C-depleted CO2 to the atmosphere, decreasing the δ13C
value of atmospheric CO2 by approximately 1.5‰ (Gorlova et al., 2015). This change in isotopic
composition of primary primary also affects the isotopic composition of animal tissues during
the last 150 years (Feng, 1999; Hirons et al., 2001). A correction must be used when comparing
isotopic compositions of different time periods to account for the changes in atmospheric CO2
δ13C values over time (Gorlova et al., 2015; Hilton et al., 2006; Misarti et al., 2009).
All historic and modern δ13C values, dated since 1850 AD, have been adjusted for
anthropogenic δ13C effects according to the year of sample death to allow for comparisons
between historic/modern and prehistoric values using the following equation from Misarti et al.
(2009), which was modified from Hilton et al. (2006):
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Suess Effect Correction Factor = a*exp(b*0.027)
where a is the maximum annual rate of δ13C decrease in the North Pacific Ocean (-0.014)
derived from Quay et al. (1992); b represents the death year of the animal minus 1850 (start of
Industrial Revolution); and 0.027 is from Gruber et al. (1999) which describes the change in δ13C
of the worlds’ ocean from 1945 to 1997. This equation is to correct for the influx of CO2 into the
oceans. The range of Suess Effect δ13C depletion for historic/modern samples from the North
Pacific Ocean was 0.027‰ to 0.848‰ ( 1.80‰).
The δ13C fractionation which occurs within primary producers is altered by the increase
in aqueous CO2 in the ocean (CO2 aq) due to increase amount of atmospheric CO2. As such, a
correction in fractionation due to atmospheric CO2 in necessary for an accurate reflection in δ13C
(Laws et al., 1995; Misarti et al., 2009). The δ13C fractionation as a function of CO2 aq in the
North Pacific Ocean was estimated using the equation from Hilton et al. (2006):

𝜀 p= 𝜀 2+𝜀 1-𝜀 -1-1/{1+[CO2 aq *P/C(1+)]}*(𝜀 2* 𝜀 -1)/(+1)

Explanation and values of these variables are found in Misarti et al. (2009). Data from the
increase in CO2 atm in the northern hemisphere from 1870 to 2002 AD (288.34 to 374.41 ppm),
oldest to most recent historic/modern sample, were obtained from the historic IAC Switzerland
CO2 dataset at https://www.co2.earth/historical-co2-datasets. To determine CO2 aq, North Pacific
Ocean SST was determined per year (1870 to 2002 AD) using the HadISST1 SST component at
https://climexp.knmi.nl/select.cgi?id=someone @somewhere&field=hadisst1. The average
correction factor for the effect of phytoplankton δ13C fractionation as a function of CO2 aq
determined from the equation is 0.12‰. Therefore, by adding the values of the two correction
factors (Suess Effect and phytoplankton δ13C fractionation), a range of 0.095‰ (1870 AD) to 0.736‰ (2002 AD) was used to adjust for these historic and modern values.

Statistical Analysis
Descriptive statistics were conducted in Microsoft Excel (v. 16.19; Microsoft
Corporation) to calculate the range, mean, and standard deviation for bone collagen stable
isotope ratios as well as the mean atomic C/N. The calendar year of each site was determined by
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taking the average of the BP range dates and subtracting it from 1950, as 1950 represents the
“present” in years before present (BP). The software package R (v. 3.5.1; The R Foundation for
Statistical Computing) was used for statistical analysis. All statistical significance was evaluated
at =0.05.
Prehistoric Marine Mammals
A one-way analysis of variance (ANOVA) was used to test the separate effect of both site
and marine mammal taxa on the stable carbon and nitrogen isotope ratios independently. A
Shapiro-Wilk’s (normality of the data) and Bartlett’s test (homogeneity of variances) was used to
determine parametric assumptions. If data were parametric, a fixed, single factor one-way
ANOVA was used to determine significant difference between group means and parametric,
multiple comparison Tukey’s test was used to determine specific group differences. If data were
nonparametric, a Kruskal-Wallis test was used to determine significant difference between group
means and a nonparametric, multiple comparison post-hoc test was used to determine specific
group differences.
Additionally, a multivariate analysis of variance (MANOVA) was used to test the
combined effects of stable carbon and nitrogen isotope ratios among sites and marine mammal
taxa separately. A Shapiro-Wilk’s and Bartlett’s test determined normality of the data and
homogeneity of the variances. Parametric data used a parametric MANOVA analysis with
multiple comparisons. Nonparametric data used a nonparametric MANOVA including the
inference for multivariate data package (npmv). This package used four different test statistics as
the basis for a multivariate randomization test. Within the package, the ‘nonpartest’ function was
used to compute nonparametric test statistics for several multivariate samples, while the
‘ssnonpartest’ function identified significant subsets of variables.
Cetaceans
A cluster analysis was used to determine which marine mammals from the taxon
Unidentified cetaceans grouped together based on stable carbon and nitrogen isotope values.
Specifically, since there are two orders of cetaceans (Mysticeti and Odontoceti), a K-means
cluster analysis was used to assign individual samples into two groups. Once individuals from
Unidentified cetaceans were assigned to two groups, a two-sample two-tailed t-test was
performed to determine if the mean stable carbon and nitrogen isotope ratios of Unidentified
cetacean group one was significantly different from the mean of Unidentified cetacean group
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two. A Shapiro-Wilk’s and Bartlett’s tests determined parametric assumptions for the δ13C and
δ15N data. A Welch two-sample two-tailed t-test was used for parametric data while a MannWhitney Wilcoxon two-sample two-tailed t-test was used for nonparametric data.
A one-way analysis of variance (ANOVA) was used to test the effect of site on stable
carbon and nitrogen isotope values for the marine mammal taxon Unidentified cetaceans.
Shapiro-Wilk’s and Bartlett’s tests were used to determine normal distributions and
homogeneous variances of the stable carbon and nitrogen isotope data. Parametric data used a
fixed single factor one-way ANOVA to determine significant difference between group means
and a parametric multiple comparison Tukey’s test to determine specific group differences.
Nonparametric data used a Kruskal-Wallis test to determine significant difference between group
means and a nonparametric multiple comparison post-hoc tests to determine specific group
differences.
All modern cetacean (Shoeninger and DeNiro, 1984; Table 3) δ13C values were corrected
for atmospheric CO2. Individual one-way ANOVAs were used to determine differences in all
prehistoric vs. all modern cetaceans, prehistoric vs. modern mysticete whales, and prehistoric vs
modern odontocete whales for both δ13C and δ15N. Shapiro-Wilk’s and Bartlett’s tests
determined parametric assumptions for the δ13C and δ15N data. Fixed, single factor one-way
ANOVAs and multiple comparisons Tukey’s tests were used for parametric data while KruskalWallis tests and nonparametric post-hoc tests were used for nonparametric data to determine
differences in group means.
Two-sample, two-tailed t-tests determined significance of differences between mysticete
and odontocete whales at all sites. Sites that contained less than three individuals for either
whales and sites that did not contain both mysticete and odontocete whales were excluded from
analysis. Shapiro-Wilk’s and Bartlett’s tests were used to determine parametric assumptions for
the δ13C and δ15N data. Parametric data used a Welch two-sample two-tailed t-test and
nonparametric data used a Mann-Whitney Wilcoxon two-sample two-tailed t-test.
Pinnipeds
All historic/modern pinniped δ13C values were corrected for atmospheric CO2.
Historic/modern pinniped stable carbon and nitrogen isotope values were compared to their
corresponding prehistoric taxa. Two-sample two-tailed t-tests were performed to determine if the
mean stable carbon and nitrogen isotope ratios of the prehistoric means were significantly
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different from the historic/modern means for three pinniped species. A Shapiro-Wilk’s and
Bartlett’s tests determined parametric assumptions. Parametric data used a Welch two-sample
two-tailed t-test and nonparametric data used a Mann-Whitney Wilcoxon two-sample two-tailed
t-test.
Historic/modern pinniped stable carbon and nitrogen isotope values were also compared
to prehistoric values via site using separate one-way ANOVAs. A Shapiro-Wilk’s and Bartlett’s
test were used to determine parametric assumptions for the δ13C and δ15N data. Parametric data
used a fixed single factor one-way ANOVA, followed by a parametric multiple comparisons
Tukey’s test to determine significant differences between group means. Nonparametric data used
a Kruskal-Wallis test followed by a nonparametric post-hoc test to determine significant
differences in group means.
Results
Prehistoric Marine Mammals
Of the 223 lipid-extracted marine mammal bones, 193 samples met the collagen quality
criteria for good bone collagen preservation and were used for statistical analysis (Table 5).
These samples consisted of 12 marine mammal taxa including: Enhydra lutris, Callorhinus
ursinus, Eumetopias jubatus, Phoca vitulina, Phoca hispida, Odobenus rosmarus, Unidentified
pinnipeds, Phocoenoides dalli, Phocoena phocoena, Orcinus orca, Unidentified cetaceans, and
Ursus maritimus.
The distribution of bone collagen samples varied among the four archaeological sites.
Amaknak Spit (UNL 55) had the highest number of collagen samples (n=89), followed by
Margaret Bay (UNL 48) (n=86), Amaknak Bridge (UNL 50) (n=10), and Summer Bay (UNL 92)
(n=8) (Table 6). The Amaknak Bridge and Summer Bay sites have not been fully analyzed at the
time these samples were selected (Crockford et al., 2004). This has led to an artificially low
species diversity in the coverage of samples. Amaknak Spit site is generally much less diverse
than the other Unalaska sites, with a major focus on Callorhinus ursinus hunting (Yesner and
Knecht, 2003). UNL 48 had bone samples representing at least one individual of all 12 marine
mammal taxa. UNL 55 had five marine mammal taxa (Enhydra lutris, Callorhinus ursinus,
Eumetopias jubatus, Phoca vitulina and Unidentified cetaceans) present. In contrast, UNL 92
and UNL 50 sites had the least diverse marine mammal taxa sampled. UNL 92 had Odobenus
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Table 5. Total number (N) of prehistoric marine mammal bone samples with good collagen preservation: atomic C/N ratio = 2.9-3.6
(DeNiro, 1985). Dashes (-) indicate no samples present.
Family
Mustelidae
Otariidae
Otariidae
Phocidae
Phocidae
Odobenidae
Pinnipedia
Phocoenidae
Phocoenidae
Delphinidae
Cetacea
Ursidae
Total

Taxa

Amaknak Spit
UNL 55
Enhydra lutris
7
Callorhinus ursinus
25
Eumetopias jubatus
35
Phoca vitulina
6
Phoca hispida
Odobenus rosmarus
Unidentified pinnipeds Phocoenoides dalli
Phoceona phocoena
Orcinus orca
Unidentified cetaceans 16
Ursus maritimus
89

Summer Bay
UNL 92
1
7
8

Amaknak Bridge
UNL 50
10
10

Margaret Bay
UNL 48
3
18
23
5
1
2
10
4
7
1
10
2
86

Total N
10
43
58
11
1
3
10
4
7
1
43
2
193
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Table 6. Total number (N), range, mean (x̅), standard deviation (± SD) of 13C and 15N, and mean (x̅) atomic C/N ratios for all
prehistoric marine mammal bone collagen samples at each archaeological site. Samples had good collagen preservation: atomic C/N
ratio = 2.9-3.6 (DeNiro, 1985).
𝐱̅ 13C ± SD (‰)
-13.93 ± 1.30

Range 15N (‰)
9.00 to 20.61

𝐱̅ 15N ± SD (‰)
16.45 ± 2.96

𝐱̅ atomic C/N

89

Range 13C (‰)
-16.82 to -10.58

UNL 92
Summer Bay

8

-17.04 to -12.86

-15.26 ± 1.61

9.02 to 14.19

11.53 ± 1.86

3.24

UNL 50
Amaknak Bridge

10

-15.08 to -12.84

-14.09 ± 0.83

12.91 to 18.14

15.36 ± 1.78

3.27

UNL 48
Margaret Bay

86

-16.13 to -11.27

-13.79 ± 1.29

9.95 to 20.24

16.79 ± 2.16

3.17

Site

N

UNL 55
Amaknak Spit

3.17
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rosmarus and Unidentified cetacean samples, while UNL 50 had only Unidentified cetacean
samples. Furthermore, only six marine mammal taxa (Enhydra lutris, Callorhinus ursinus,
Eumetopias jubatus, Phoca vitulina, Odobenus rosmarus, and unidentified cetaceans) were
represented at more than one site. Only Unidentified cetacean samples are present at all four
sites.
The range and mean of collagen δ13C and δ15N varied per site. The values of 13C for all
sites ranged from -17.04‰ to -10.58‰ (Table 6). UNL 92 was most depleted in 13C (-15.26 ±
1.61‰) followed by UNL 50 (-14.09 ± 0.83‰), UNL 55 (-13.93 ± 1.30‰), and UNL 48 (-13.79
± 1.29‰) (Figure 5). The values of 15N for all sites ranged from 9.00‰ to 20.61‰ (Table 6).
UNL 92 (11.53 ± 1.86‰) had the least enriched 15N followed by UNL 50 (15.36 ± 1.78‰),
UNL 55 (16.45 ± 2.96‰), and UNL 48 (16.79 ± 2.16‰) (Figure 5).
The range and mean of δ13C and δ15N also varied per marine mammal taxon. The values
of 13C for all marine mammal taxa ranged from -17.07‰ to -10.58‰ (Table 7). The marine
mammal taxon most depleted in 13C was Orcinus orca (-17.97‰), while the marine mammal
taxon most enriched in 13C was Enhydra lutris (-12.85 ± 0.95‰) (Figure 6). The values of 15N
for all marine mammal taxa ranged from 9.00‰ to 20.61‰ (Table 7). The marine mammal
taxon most depleted in 15N was Orcinus orca (12.69‰), while Ursus maritimus (18.60 ±
2.57‰) was the most 15N enriched marine mammal taxon (Figure 6). Additionally, the specific
ranges and means of 13C and 15N for each marine mammal taxon per site are found on Tables
8-11.
Stable carbon and nitrogen isotope signatures for all marine mammals were analyzed
separately among sites. Shapiro-Wilks tests determined that both 13C and 15N data were not
normally distributed. A nonparametric Kruskal-Wallis test showed that 13C values significantly
differed among sites (p= 0.025). Nonparametric multiple comparison post-hoc test showed
significant difference in 13C between UNL 48 and UNL 92 (Figure 7). Furthermore, site had a
significant effect on 15N (Kruskal-Wallis; p<0.0001). Nonparametric multiple comparisons
post-hoc test showed a significant difference in 15N values between site UNL 48 and UNL 92 as
well as UNL 55 and UNL 92 (Figure 8). UNL 92 had a 1.9‰ depletion in 13C and a 5.2‰
depletion in 15N compared to UNL 48. UNL 92 also had a 15N depletion of 4.9‰ compared to
UNL 55 (Figure 5).
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Figure 5. Mean and standard deviations of 13C and 15N of all prehistoric individuals per site. UNL 48= Margaret Bay (n=86), UNL
50= Amaknak Bridge (n=10), UNL 92= Summer Bay (n=8) and UNL 55= Amaknak Spit (n=97).
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Table 7. Overall total number (N), range, mean (x̅), standard deviation (± SD) of 13C and 15N, and mean (x̅) atomic C/N ratios for
prehistoric taxonomic bone collagen samples. Samples had good collagen preservation: atomic C/N ratio = 2.9-3.6 (DeNiro, 2985).
Taxa

N

Range 13C (‰)

𝐱̅ 13C ± SD (‰)

Range 15N (‰)

𝐱̅ 15N ± SD (‰)

𝐱̅ atomic C/N

Enhydra lutris

10

-14.52 to -11.64

-12.85 ± 0.95

12.98 to 19.50

15.58 ± 2.15

3.18

Callorhinus ursinus

43

-16.82 to -11.27

-14.30 ± 1.38

14.70 to 19.83

17.74 ± 1.16

3.15

Eumetopias jubatus

58

-16.45 to -10.58

-13.24 ± 0.97

9.95 to 20.17

17.23 ± 2.16

3.15

Phoca vitulina
Phoca hispida

11
1

-15.15 to -11.51
-

-13.05 ± 1.33
-14.63

15.76 to 20.61
-

18.06 ± 1.69
16.64

3.21
3.31

Odobenus rosmarus

3

-14.05 to -13.01

-13.54 ± 0.52

12.87 to 18.00

15.97 ± 2.73

3.23

Unidentified pinnipeds 10

-14.35 to -11.97

-13.32 ± 0.90

15.91 to 19.15

17.50 ± 1.25

3.21

Phocoenoides dalli

4

-14.28 to -11.87

-13.45 ± 1.08

13.04 to 16.39

14.55 ± 1.39

3.23

Phoceona phocoena

7

-13.27 to -12.61

-13.01 ± 0.26

16.06 to 18.27

16.84 ± 0.73

3.17

Orcinus orca

1

-

-17.97

-

12.69

3.19

Unidentified cetaceans 43

-17.07 to -13.27

-14.65 ± 1.33

9.00 to 19.08

13.07 ± 2.76

3.23

Ursus maritimus

-15.66 to -12.82

-14.24 ± 2.00

16.76 to 20.24

18.60 ± 2.57

3.12

2
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Figure 6. Mean and standard deviations of 13C and 15N for all prehistoric marine mammal taxa. El = Enhydra lutris (n=10), Cu=
Callorhinus ursinus (n=43), Ej= Eumetopias jubatus (n=59), Pv= Phoca vitulina (n=11), Ph= Phoca hispida (n=1) Or= Odobenus
rosmarus (n=3), Unidentified pinnipeds (n=10), Pd= Phocoenoides dalli (n=7) Pp= Phocoena phocoena (n=7), Oo= Orcinus orca
(n=1), Unidentified cetaceans (n=43), and Um= Ursus maritimus (n=2).
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Table 8. Total number (N), range, mean (x̅), standard deviation (± SD) of 13C and 15N, and mean (x̅) atomic C/N ratios for
prehistoric taxonomic bone collagen samples from Amaknak Spit (UNL 55). Samples had good collagen preservation: atomic C/N
ratio = 2.9-3.6 ‰ (DeNiro, 1985).
Amaknak Spit UNL 55
Taxa

N

Range 13C (‰)

𝐱̅ 13C ± SD (‰)

Range 15N (‰)

𝐱̅ 15N ± SD (‰)

𝐱̅ atomic C/N

Enhydra lutris

7

-14.52 to -11.64

-12.96 ± 1.10

13.80 to 19.50

15.99 ± 2.25

3.17

Callorhinus ursinus

25 -16.82 to -12.58

-14.74 ± 1.01

16.05 to 19.83

17.93 ± 1.08

3.16

Eumetopias jubatus

35 -14.76 to -10.58

-13.04 ± 0.79

12.90 to 20.17

17.47 ± 1.98

3.16

Phoca vitulina
Phoca hispida

6
-

-15.15 to -12.02
-

-13.73 ± 1.34
-

15.76 to 20.61
-

18.13 ± 2.16
-

3.25
-

Odobenus rosmarus

-

-

-

-

-

-

Unidentified pinnipeds

-

-

-

-

-

-

Phocoenoides dalli

-

-

-

-

-

-

Phoceona phocoena

-

-

-

-

-

-

Orcinus orca

-

-

-

-

-

-

Unidentified cetaceans

16 -16.66 to -13.32

-15.11 ± 0.98

9.00 to 14.23

11.49 ± 1.91

3.20

Ursus maritimus

-

-

-

-

-

-
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Table 9. Total number (N), range, mean (x̅), standard deviation (± SD) of 13C and 15N, and mean (x̅) atomic C/N ratios for
prehistoric taxonomic bone collagen samples from Summer Bay (UNL 92). Samples had good collagen preservation: atomic C/N ratio
= 2.9-3.6 (DeNiro, 1985).

Taxa

N

Enhydra lutris
Callorhinus ursinus
Eumetopias jubatus
Phoca vitulina
Phoca hispida
Odobenus rosmarus
Unidentified pinnipeds
Phocoenoides dalli
Phoceona phocoena
Orcinus orca
Unidentified cetaceans
Ursus maritimus

1
7
-

13C

Range
(‰)
-17.04 to -12.86
-

Summer Bay UNL 92
𝐱̅ 13C ± SD (‰) Range 15N (‰)
-13.01
-15.58 ± 1.44
9.02 to 14.19
-

𝐱̅ 15N ± SD (‰)
12.87
11.33 ± 1.92
-

𝐱̅ atomic C/N
3.35
3.23
-
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Table 10. Total number (N), range, mean (x̅), standard deviation (± SD) of 13C and 15N, and mean (x̅) atomic C/N ratios for
prehistoric taxonomic bone collagen samples from Amaknak Bridge (UNL 50). Samples had good collagen preservation: atomic C/N
ratio = 2.9-3.6 (DeNiro, 1985).

Taxa

N

Enhydra lutris
Callorhinus ursinus
Eumetopias jubatus
Phoca vitulina
Phoca hispida
Odobenus rosmarus
Unidentified pinnipeds
Phocoenoides dalli
Phoceona phocoena
Orcinus orca
Unidentified cetaceans
Ursus maritimus

10
-

Amaknak Bridge UNL 50
Range
(‰) 𝐱̅ 13C ± SD (‰) Range 15N (‰)
-15.08 to -12.84 -14.09 ± 0.83
12.91 to 18.14
13C

𝐱̅ 15N ± SD (‰)
15.36 ± 1.78
-

𝐱̅ atomic C/N
3.27
-
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Table 11. Total number (N), range, mean (x̅), standard deviation (± SD) of 13C and 15N, and mean (x̅) atomic C/N ratios for
prehistoric taxonomic bone collagen samples from Margaret Bay (UNL 48). Samples had good collagen preservation: atomic C/N
ratio = 2.9-3.6 (DeNiro, 1985).

Taxa

N

Enhydra lutris
Callorhinus ursinus
Eumetopias jubatus
Phoca vitulina
Phoca hispida
Odobenus rosmarus
Unidentified pinnipeds
Phocoenoides dalli
Phoceona phocoena
Orcinus orca
Unidentified cetaceans
Ursus maritimus

3
18
23
5
1
2
10
4
7
1
10
2

Margaret Bay UNL 48
Range 13C (‰) 𝐱̅ 13C ± SD (‰) Range 15N (‰)
-13.13 to -12.18
-12.59 ± 0.49
12.98 to 16.69
-16.13 to -11.27
-13.69 ± 1.61
14.70 to 19.57
-14.92 to -11.87
-13.42 ± 0.98
9.95 to 19.83
-13.33 to -11.51
-12.24 ± 0.81
16.36 to 17.37
-14.63
-14.05 to -13.58
-13.81 ± 0.33
17.05 to 18.00
-14.35 to -11.97
-13.32 ± 0.90
15.91 to 19.15
-14.28 to -11.87
-13.45 ± 1.08
13.04 to 16.39
-13.27 to -12.61
-13.01 ± 0.26
16.06 to 18.27
-17.97
-14.37 to -11.70
-13.83 ± 1.55
10.58 to 19.08
-15.66 to -12.82
-14.24 ± 2.00
16.76 to 20.24

𝐱̅ 15N ± SD (‰)
14.61 ± 1.90
17.48 ± 1.24
17.29 ± 2.24
17.98 ± 1.16
16.64
17.52 ± 0.67
17.50 ± 1.25
14.55 ± 1.39
16.84 ± 0.73
12.69
14.54 ± 2.98
18.60 ± 2.57

𝐱̅ atomic C/N
3.19
3.14
3.13
3.17
3.31
3.17
3.21
3.23
3.13
3.19
3.24
3.12

48

a

ab

ab

b

Figure 7. Prehistoric stable carbon values (13C) significantly differ among sites (Kruskal-Wallis; p=0.025). Box and whisker plots
represent stable carbon values of each site. Sites grouped with different letters have statistically different stable carbon values, while
sites containing the same letter are not considered statistically different with respect to their stable carbon isotope values. Stable
carbon values are expressed in parts per thousand (‰).
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Figure 8. Prehistoric stable nitrogen values (15N) significantly differ among sites (Kruskal-Wallis; p<0.0001). Box and whisker plots
represent stable nitrogen values of each site. Sites grouped with different letters have statistically different stable carbon values, while
sites containing the same letter are not considered statistically different with respect to their stable nitrogen isotope values. Stable
nitrogen values are expressed in parts per thousand (‰).
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Additionally, 13C and 15N were analyzed separately for marine mammal taxa. Taxa
with three or fewer individuals (Phoca hispida, Orcinus orca, and Ursus maritimus) were
excluded from analysis. Abnormally distributed data or data with unequal variances resulted in
nonparametric analysis. A Kruskal-Wallis test showed that 13C significantly differs among the
remaining nine marine mammal taxa (p<0.0001). Nonparametric multiple comparison post-hoc
test showed a significant difference in 13C values between Callorhinus ursinus and Eumetopias
jubatus, Unidentified cetaceans and Phoca vitulina, Unidentified cetaceans and Enhydra lutris,
and Unidentified cetaceans and Eumetopias jubatus (Figure 9). Additionally, marine mammal
taxa had a significant influence on 15N values (Kruskal-Wallis; p<0.0001). A nonparametric
multiple comparison post-hoc test showed a significant difference in 15N between Unidentified
cetaceans and Callorhinus ursinus, Unidentified cetaceans and Eumetopias jubatus, Unidentified
cetaceans and Unidentified pinnipeds, and Unidentified cetaceans and Phoca vitulina (Figure
10). The greatest difference in 13C values was between Unidentified cetaceans and Enhydra
lutris ( 1.8‰). Unidentified cetaceans and Phoca vitulina had a difference of 1.6‰ in 13C.
The group Unidentified cetaceans was depleted 1.4‰ in 13C compared to Eumetopias jubatus.
Callorhinus ursinus and Eumetopias jubatus had a difference of 1.1‰ in 13C. Furthermore, the
greatest difference in 15N was between Unidentified cetaceans and Phoca vitulina ( 5.0‰).
Unidentified cetaceans were depleted in 15N 4.3‰, 4.4‰, and 4.7‰ for Eumetopias jubatus,
Unidentified pinnipeds, and Callorhinus ursinus, respectively (Figure 6).
The combined effect of stable carbon and nitrogen isotope ratios were analyzed for site
and marine mammal taxa separately. Abnormally distributed data or data with unequal variances
resulted in nonparametric analysis. The nonparametric MANOVA test of joint distribution in
13C and 15N revealed significant differences among sites (Wilks Lambda, F6, 378= 5.521, p= 0).
The ‘ssnonpartest’ function using the Wilks Lambda type statistic indicated that regardless of
site, all pairwise site comparisons were significantly different. Marine mammal taxa with three
or fewer individuals (Phoca hispida, Orcinus orca, and Ursus maritimus) were excluded from
analysis. The nonparametric MANOVA test of joint distribution in 13C and 15N revealed
significant differences among taxa (Wilks Lambda, F16, 358= 10.236, p= 0). The ‘ssnonpartest’
function using the Wilks Lambda type statistic indicated that regardless of taxa, all pairwise taxa
comparisons were significantly different.
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Figure 9. Prehistoric stable carbon values (13C) significantly differ among marine mammal taxa (Kruskal-Wallis; p<0.0001). Box and
whisker plots represent stable carbon values of each marine mammal taxa. Taxa grouped with different letters have statistically
different stable carbon values. Taxa containing the same letter are not considered statistically different with respect to their stable
carbon isotope values. El = Enhydra lutris, Cu= Callorhinus ursinus, Ej= Eumetopias jubatus, Pv= Phoca vitulina, Ph= Phoca
hispida, Or= Odobenus rosmarus, Unidentified pinnipeds, Pd= Phocoenoides dalli, Pp= Phocoena phocoena, Oo= Orcinus orca,
Unidentified cetaceans, and Um= Ursus maritimus. Stable carbon values are expressed in parts per thousand (‰).
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Figure 10. Prehistoric stable nitrogen values (15N) significantly differ among marine mammal taxa (Krustal-Wallis; p<0.0001). Box
and whisker plots represent stable nitrogen values of each marine mammal taxa. Taxa grouped with different letters have statistically
different stable nitrogen values. Taxa containing the same letter are not considered statistically different with respect to their stable
nitrogen isotope values. El = Enhydra lutris, Cu= Callorhinus ursinus, Ej= Eumetopias jubatus, Pv= Phoca vitulina, Ph= Phoca
hispida, Or= Odobenus rosmarus, Unidentified pinnipeds, Pd= Phocoenoides dalli, Pp= Phocoena phocoena, Oo= Orcinus orca,
Unidentified cetaceans, and Um= Ursus maritimus. Stable nitrogen values are expressed in parts per thousand (‰).
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Cetaceans
A fixed single factor ANOVA showed that site had a significant effect on 13C values for
Unidentified cetaceans (p=0.0112). A post-hoc Tukey’s test showed a significant difference in
13C means between only UNL 92 and UNL 48. Abnormally distributed data or data with
unequal variances required nonparametric analysis. Additionally, a nonparametric KruskalWallis test showed that site also had a significant effect on 15N (p<0.0001). Nonparametric
multiple comparisons post-hoc test showed significant differences in 15N means between UNL
50 and UNL 55 as well as UNL 50 and UNL 92. Overall, UNL 55 and UNL 92 had the most
depleted 13C and 15N values of the four sites (Figure 11). UNL 92 was depleted 1.8‰ in 13C
compared to UNL 48 and depleted 4.0‰ in 15N compared to UNL 50. UNL 55 was depleted
4.0‰ in 15N compared to UNL 50. While not found statistically different, the decline in 13C
between UNL 50 and UNL 92 ( 1.5‰), as well as UNL 50 and UNL 55 ( 1.0‰), was
isotopically relevant. Additionally, the decline in 15N between UNL 48 and UNL 55 ( 3.1‰),
as well as UNL 48 and UNL 92 ( 3.2‰), was isotopically relevant.
A K-means cluster analysis organized the individual samples from Unidentified cetaceans
into two groups. The two-sample, two-tailed t-test revealed that the mean δ13C and δ15N of the
two groups were significantly different. The parametric Welch two-tailed t-test showed a
significant difference between the δ13C of both groups (p<0.0001), while the nonparametric
Mann-Whitney Wilcoxon two-sample t-test showed a significant difference between the δ15N
means (p<0.0001). Group one of Unidentified cetaceans was more depleted in 13C ( 1.5‰)
and δ15N ( 4.8‰) than group two (Figure 12). Group one, the 13C depleted cetacean group,
contained 63% of UNL 55, 71% of UNL 92, and 20% of UNL 48 individuals. Group two
comprised of 100% of UNL 50 individuals and the remaining 80% of UNL 48, 37% of UNL 55,
and 29% of UNL 92 individuals. Individuals from the taxa Phocoenoides dalli, Phocoena
phocoena, and Orcinus orca were included in the cluster analysis for comparison purposes.
Individuals from Phocoenoides dalli and Phocoena phocoena were clustered within group two,
13C and 15N enriched cetacean group. Orcinus orca 13C and 15N (-17.97‰, 12.69‰) fell
outside both groups.
Modern cetacean samples (Shoeninger and DeNiro, 1984) were 13C corrected for CO2 as
they lived beyond AD 1850 (Industrial Revolution). The year AD 1980 was given to the modern
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Figure 11. Mean and standard deviations of 13C and 15N for prehistoric Unidentified cetaceans per site. UNL 48 n= 10, UNL 50 n=
10, UNL 92 n=7 and UNL 55 n=16.
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Figure 12. Cluster analysis of individuals from the prehistoric marine mammal taxon Unidentified cetaceans. Individuals from the
taxon Unidentified cetaceans are represented by circles with corresponding site colors (UNL 55 n=16, UNL 92 n=7, UNL 50 n=10,
and UNL 48 n=10). Orcinus orca (Oo) is represented by a square (n=1), Phocoenoides dalli (Pd) are represented by triangles (n=4),
and Phocoena phocoena (Pp) are represented by diamonds (n=7). These taxa were included for comparison and are all from site UNL
48.
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cetacean samples for CO2 correction purposes as it was prior to the publication of the data
(Shoeninger and DeNiro, 1984). All cetacean samples included Phocoenoides dalli, Phocoena
phocoena, Orcinus orca, Unidentified cetaceans, and modern cetaceans (both Mysticeti and
Odontoceti) from Canadian and Alaskan waters.
All prehistoric and modern cetacean samples included Phocoenoides dalli, Phocoena
phocoena, Orcinus orca, Unidentified cetaceans, and modern cetaceans (both Mysticeti and
Odontoceti). A nonparametric Kruskal Wallis test determined that site (UNL 48, UNL 50, UNL
92, UNL 55, and modern) had a significant effect on all cetacean 13C values (p<0.0001). A
nonparametric multiple comparison test revealed significant differences in cetacean 13C means
between sites UNL 48 and modern, UNL 48 and UNL 55, and UNL 48 and UNL 92.
Additionally, site proved to have a significant effect on cetacean 15N means (Kruskal-Wallis;
p<0.0001). A nonparametric multiple comparison test revealed significant differences in
cetacean 15N means between sites UNL 55 and modern, UNL 48 and UNL 55, UNL 48 and
UNL 92, UNL 50 and UNL 55, and UNL 50 and UNL 92.
Based on the previous K-means cluster analysis and two-sample, two-tailed t-test, the
Unidentified cetaceans were separated into two groups. The first group consisted of the most
depleted 13C and 15N, while groups two was comprised of the more enriched 13C and 15N.
The depleted group isotopically resembles mysticete (baleen) whales and the more enriched
group isotopically resembles odontocete (toothed) whales (Shoeninger and DeNiro, 1984).
Parametric single fixed factor one-way ANOVAs showed that site (UNL 48, UNL 92,
UNL 55, and modern) did not have a significant effect on mysticete whale 13C values (p=0.30)
but had a significant effect on mysticete whale 15N values (p<0.0001). A parametric multiple
comparison Tukey’s test revealed modern 15N differed from all other sites.
Abnormally distributed data or data with unequal variances required nonparametric
analysis. Nonparametric Kruskal-Wallis tests showed that site (UNL 48, UNL 55, UNL 92, UNL
55, and modern) had a significant effect on odontocete 13C (p=0.017). Nonparametric multiple
comparison post-hoc tests revealed that 13C differed from UNL 48 to UNL 55. Site did not have
a significant effect on 15N of odontocete whales (Kruskal-Wallis; p=0.09).
The 13C and 15N values of all cetacean samples, represented as box and whisker
diagrams, were plotted against year of site occupation (UNL 48= 2050 BC, UNL 50= 1050 BC,
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UNL 92= AD 0, UNL 55= AD 1500, and modern= AD 1980) to illustrate how the stable isotope
ratios fluctuated through time. The calendar year of each site was determined via subtracting
1950 from the average of the BP range date. Significant differences along the timeline were
based on the result of the previously mentioned all cetaceans Kruskal-Wallis tests. Overall, 13C
values decreased ( 1.6‰) and 15N values increased ( 0.3‰) over time. For 13C, values
decreased from 2050 BC until AD 0 and increased from AD 0 to AD 1500 and decreased from
AD 1500 to modern. Changes in 13C were both significantly different (Kruskal-Wallis;
p<0.0001) and isotopically relevant from time period 2050 BC to AD 0 ( 1.1‰), 2050 BC to
AD 1500 ( 0.8‰), and 2050 BC to modern ( 1.4‰). For 15N, values increased from 2050 BC
to 1050 BC, decreased from 1050 BC to AD 0, and increased from AD 0 to modern. Changes in
15N values were both significantly different (Kruskal-Wallis; p<0.0001) and isotopically
relevant from time periods 2050 BC to AD 0 ( 2.7‰), 2050 BC to AD 1500 ( 2.9‰), 1050
BC to AD 0 ( 3.3‰), 1050 BC to AD 1500 ( 3.6‰) and AD 1500 to modern ( 4.1‰).
Furthermore, 13C and 15N diverged from years 2050 BC to 1050 BC and covaried from years
1050 BC to AD 0 and diverged from AD 0 to modern (Figure 13).
The 13C and 15N of mysticete whale samples, represented as box and whisker diagrams,
were plotted against year of the site occupations (UNL 48= 2050 BC, UNL 92= AD 0, UNL 55=
AD 1500, and modern= AD 1980) to illustrate trends in stable isotope ratios through time. The
calendar year of each site was determined via subtracting 1950 from the average of the BP range
date. Modern mysticete whale samples were from only Alaska. Significant differences along the
timeline were based on the result of the previously mentioned mysticete whale ANOVAs.
Overall, 13C and 15N increased over time ( 1.6‰ and  0.3‰, respectively). For 13C, values
decreased from 2050 BC to AD 0 and increased from AD 0 to AD 1050 and decreased from AD
1050 to modern. While not statistically different (ANOVA; p=0.30), changes in 13C values were
isotopically relevant from time period 2050 BC to AD 0 ( 1.0‰), AD 0 to AD 1500 ( 1.6‰),
and AD 1500 to modern ( 1.0‰). For 15N, values decreased from 2050 BC to AD 0 and then
increased from AD 0 to modern. Changes in 15N values were both significantly different
(ANOVA; p<0.0001) and isotopically relevant from time period 2050 BC to modern ( 4.8‰),
AD 0 to modern ( 4.2‰) and AD 1500 to modern ( 4.5‰). Furthermore, 13C and 15N
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Figure 13. Stable carbon (13C) and nitrogen (δ15N) isotope ratios of all cetaceans over time, including modern samples. Calendar
years were determined based on the average of the BP ranges per site: UNL 48= 2050 BC, UNL 50= 1050 BC, UNL 92= AD 0, UNL
55= AD 1500, and modern= AD 1980. Trend lines connect the mean values, represented as the ‘x’ in the box and whisker plots, of
each time period. Time periods with the same colored symbol are considered significantly different. Individuals include all
Unidentified cetaceans, Phocoenoides dalli, Phocoena phocoena, Orcinus orca, and all modern samples. UNL 48 n=22, UNL 50
n=10, UNL 92 n=7, UNL 55 n=16, and modern n=5. UNL 48 occurs within the Transitional Period, UNL 50 within the beginning of
the Neoglacial Interval, UNL 92 within the end of the Neoglacial Interval, and UNL 55 within the Little Ice Age.
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15N covaried from 2050 BC to AD 0 and diverged from AD 0 to AD 1500 as well as AD 1500
to modern (Figure 14).
The 13C and 15N of odontocete whale samples, represented as box and whisker
diagrams, were plotted against year of site occupations (UNL 48= 2050 BC, UNL 92= AD 0,
UNL 55= AD 1500, and modern= AD 1980) to illustrate trends in stable isotope ratios through
time. The calendar year of each site was determined via subtracting 1950 from the average of the
BP range date. Modern odontocete whale samples were from Alaska and Canada. Significant
differences along the timeline were based on the result of the previously mentioned odontocete
whale Kruskal-Wallis tests. Overall, 13C ( 0.6‰) decreased and 15N increased ( 1.9‰) over
time. For 13C and 15N, values decreased from 2050 BC to AD 1500 and increased from AD
1500 to modern. Changes in 13C values were statistically significant (Kruskal-Wallis; p=0.017)
from time period 2050 BC to AD 1500 ( 1.3‰) and isotopically relevant from time period AD
0 to AD 1500 ( 1.0‰). While not statistically significant (Kruskal-Wallis; p=0.09), changes in
15N values were isotopically relevant from time period AD 0 to modern ( 2.9‰) and AD 1500
to modern ( 3.0‰). Furthermore, 13C and 15N covaried from 2050 BC to modern (Figure 15).
Mysticete and odontocete whales 13C and 15N were compared per site. Sites that
contained less than three individuals for either whale taxa, or sites that did not contain both
mysticete and odontocete whales were excluded from analyses. Therefore, only mysticete and
odontocete whales from site UNL 55 were compared. A parametric Welch two-sample twotailed t-test revealed that δ13C values were not significantly different between mysticete and
odontocete whales from site UNL 55 (p=0.619). However, δ15N were significantly different
between mysticete and odontocete whales from site UNL 55 (p=<0.0001) ( 3.6‰). Although
unable to compare statistically, mysticete and odontocete whale δ13C and δ15N values were
isotopically relevant between UNL 48 ( 2.1‰,  4.5‰, respectively), UNL 92 ( 2.3‰, 
3.4‰, respectively), and modern ( 1.9‰,  2.3‰, respectively). Modern mysticete whales had
a depletion in 13C of 0.5‰ and an enrichment in 15N of 4.0‰ compared to the average
prehistoric mysticete whale values. Modern odontocete whales had a depletion in 13C of 0.3‰
and an enrichment in 15N of 2.2‰ compared to the average prehistoric odontocete whale values
(Figure 16).
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Figure 14. Stable carbon (13C) and nitrogen (δ15N) isotope ratios of mysticete whales over time. Calendar years were determined
based on the average of the BP ranges per site: UNL 48= 2050 BC, UNL 92= AD 0, UNL 55= AD 1500, and modern= AD 1980.
Trend lines connect the mean values, represented as the ‘x’ in the box and whisker plots, of each time period. Individuals include the
Unidentified cetacean depleted 13C group and modern mysticete whale samples from Canada. UNL 48 n=2, UNL 92 n=5, UNL 55
n=10, and modern n=3. UNL 48 occurs within the Transitional Period, UNL 92 within the end of the Neoglacial Interval, and UNL 55
within the Little Ice Age.
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Figure 15. Stable carbon (13C) and nitrogen (δ15N) isotope ratios of odontocete whales over time. Calendar years were determined
based on the average of the BP ranges per site: UNL 48= 2050 BC, UNL 50= 1050 BC, UNL 92= AD 0, UNL 55= AD 1500, and
modern= AD 1980. Trend lines connect the mean values, represented as the ‘x’ in the box and whisker plots, of each time period.
Individuals include the Unidentified cetacean enriched 13C group, Phocoenoides dalli, Phocoena phocoena, Orcinus orca, and
modern odontocete whale samples from Canada and Alaska. UNL 48 n=19, UNL 50 n=10, UNL 92 n=2, UNL 55 n=6, and modern
n=2. UNL 48 occurs within the Transitional Period, UNL 50 within the beginning of the Neoglacial Interval, UNL 92 within the end
of the Neoglacial Interval, and UNL 55 within the Little Ice Age.
62

-11
-12

-13

13C (‰)

-14
-15

Baleen (UNL 48)
Toothed (UNL 48)
Toothed (UNL 50)
Baleen (UNL 92)
Toothed (UNL 92)
Baleen (UNL 55)
Toothed (UNL 55)
Baleen (modern)
Toothed (modern)

-16
-17
-18
-19

9

10

11

12

13

14
15N (‰)

15

16

17

18

19

Figure 16. Comparison of mysticete and odontocete whales 13C and 15N means and standard deviations. Mysticete whales include
individuals from Unidentified cetacean depleted 13C group and modern mysticete whale samples from Canada. Odontocete whales
include individuals from Unidentified cetacean enriched 13C group Phocoenoides dalli, Phocoena phocoena, Orcinus orca, modern
odontocete whale samples from Canada and Alaska. Baleen UNL 48 n=2, toothed UNL 48 n= 19, toothed UNL 50 n=10, baleen UNL
92 n=5, toothed UNL 92 n=2, baleen UNL 55 n=10, toothed UNL 55 n=6, baleen modern n= 3, and toothed modern n=2.
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Pinnipeds
One hundred thirty-one historic and modern pinniped bones showed good collagen
preservation and were used for statistical analysis. Samples from the year AD 1870 to AD 1949
are considered to be historic samples (n=34), while samples from AD 1950 to AD 2002 are
considered to be modern samples (collected 1950 or later) (n=97). All historic and modern
pinniped samples were 13C corrected for increases in atmospheric CO2 (Industrial Revolution).
These samples consisted of three marine mammal taxa, including Callorhinus ursinus (n=28),
Eumetopias jubatus (n=56), and Phoca vitulina (n=47). These three taxa were selected for
further analysis as they were the only taxonomic representatives at more than one prehistoric
site. These animals were located in waters of the northeastern Pacific Ocean and the Bering Sea.
In total, 65 samples originated from the Bering Sea, 26 from the western Gulf of Alaska, 24 from
the central Gulf of Alaska, and 16 from the southeastern Gulf of Alaska.
Abnormally distributed data or unequal variances required nonparametric analysis. A
nonparametric Mann-Whitney Wilcoxon two-sample, two-tailed t-test showed that the mean
Callorhinus ursinus δ13C values were not statistically different between prehistoric and
historic/modern samples (p=0.311). However, a parametric Welch two-sample, two-tailed t-test
showed the mean Callorhinus ursinus δ15N differed between prehistoric and historic/modern
samples (p<0.0001). The δ13C was depleted 0.5‰ and δ15N depleted 1.6‰ between prehistoric
and historic/modern Callorhinus ursinus. There is a greater discrimination in δ15N for prehistoric
Callorhinus ursinus compared to historic/modern (Figure 17).
Additionally, a parametric Welch two-sample, two-tailed t-test showed that the mean
Eumetopias jubatus 13C values were significantly different for prehistoric compared to
historic/modern samples (p<0.0001). However, a nonparametric Mann-Whitney Wilcoxon twosample, two-tailed t-test showed that the mean Eumetopias jubatus 15N were not significantly
different between prehistoric and historic/historic samples (p=0.154). Depletion in δ13C was
0.9‰ and enriched in δ15N by 0.6‰ between prehistoric and historic/modern Eumetopias
jubatus (Figure 18).
Furthermore, parametric Welch two-sample, two-tailed t-tests showed that prehistoric
mean Phoca vitulina 13C were significantly different from historic/modern samples (p=0.017)
but not for 15N (p=0.172). The δ13C was depleted 1.2‰, which is isotopically relevant, and
depleted in δ15N 0.8‰ between prehistoric and historic/modern Phoca vitulina (Figure 19).
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Figure 17. Comparison of prehistoric vs. historic/modern Callorhinus ursinus means and standard deviations of 13C and 15N.
Prehistoric values include individuals from UNL 48 and UNL 55. Prehistoric n=43, Historic/Modern n=28.
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Figure 18. Comparison of prehistoric vs. historic/modern Eumetopias jubatus means and standard deviations of 13C and 15N.
Prehistoric values include individuals from UNL 48 and UNL 55. Prehistoric n=58, Historic/Modern n=56.
66

-11

-12

13C (‰)

-13

-14

-15

Prehistoric
Historic/Modern

-16

-17
14

15

16

17

15N

(‰)

18

19

20

21

Figure 19. Comparison of prehistoric vs. historic/modern Phoca vitulina means and standard deviations of 13C and 15N. Prehistoric
values include individuals from UNL 48 and UNL 55. Prehistoric n=11, Historic/Modern n=47.
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Overall, all historic/modern δ13C values for the three taxa follow the same trend and were
depleted compared to the prehistoric values. However, the same trend was not evident in δ15N for
all three taxa, as there is a depletion in historic/modern δ15N values for Callorhinus ursinus and
Phoca vitulina and an enrichment of δ15N values for Eumetopias jubatus (Figure 20). A
nonparametric Kruskal Wallis test revealed that site (UNL 48, UNL 55, and historic/modern) had
a significant effect on Callorhinus ursinus 13C (p=0.039). However, a nonparametric multiple
comparison test showed no significant differences in Callorhinus ursinus 13C means among
sites. Furthermore, a parametric fixed single factor one-way ANOVA determined that site had a
significant effect on Callorhinus ursinus 15N values (p<0.0001) A post-hoc Tukey’s test
determined a significant difference in Callorhinus ursinus 15N means between historic/modern
and early prehistoric (UNL 48) as well as historic/modern and late prehistoric (UNL 55). While
Callorhinus ursinus showed no significant differences between early prehistoric site and
historic/modern 13C values, there was a decline of 1.1‰, which can be isotopically significant.
There was a depletion in 15N of 1.3‰ between early prehistoric and historic/modern
Callorhinus ursinus and a depletion in 15N of 1.8‰ between late prehistoric and
historic/modern Callorhinus ursinus (Figure 21).
A parametric, fixed single factor one-way ANOVA showed that site had a significant
effect on Eumetopias jubatus 13C (p<0.0001). A post-hoc Tukey’s test detected a significant
difference in Eumetopias jubatus 13C means between historic/modern and early prehistoric as
well as historic/modern and late prehistoric. Additionally, a nonparametric Kruskal Wallis test
showed that site had no significant effect on Eumetopias jubatus 15N values (p=0.324). The
13C mean was depleted 0.7‰ between early prehistoric and historic/modern Eumetopias jubatus
and 1.0‰ between late prehistoric and historic/modern Eumetopias jubatus (Figure 22).
A parametric, fixed single factor one-way ANOVA showed that site had a significant
effect on Phoca vitulina 13C (p<0.0001). A post-hoc Tukey’s test determined a significant
difference in Phoca vitulina 13C means between historic/modern and early prehistoric as well as
historic/modern and late prehistoric. However, a parametric fixed single factor one-way ANOVA
showed that site did not have a significant effect on Phoca vitulina 15N values (p=0.31). The
13C was depleted 2.0‰ between early prehistoric and historic/modern Phoca vitulina and 0.5‰
between late historic and historic/modern Phoca vitulina (Figure 23).
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Figure 20. Comparison of prehistoric vs. historic/modern Callorhinus ursinus, Eumetopias jubatus, and Phoca vitulina means and
standard deviations of 13C and 15N. Prehistoric values include individuals from UNL 48 and UNL 55. Cu Prehistoric n= 43, Cu
Historic/Modern n=28, Ej Prehistoric n=58, Ej Historic/Modern n= 56, Pv Prehistoric n=11, and Pv Historic/Modern n=47.
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Figure 21. Mean and standard deviations of 13C and 15N for Callorhinus ursinus per site. UNL 48 and UNL 55 are considered
prehistoric. UNL 48 n=18, UNL 55 n=25, Historic/Modern n=28.
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Figure 22. Mean and standard deviations of 13C and 15N for Eumetopias jubatus per site. UNL 48 and UNL 55 are considered
prehistoric. UNL 48 n=23, UNL 55 n=35, Historic/Modern n=56.
71

-11

-12

13C (‰)

-13

-14

-15

UNL 48
UNL 55
Historic/Modern

-16

-17
14

15

16

17

15N

(‰)

18

19

20

21

Figure 23. Mean and standard deviations of 13C and 15N for Phoca vitulina per site. UNL 48 and UNL 55 are considered prehistoric.
UNL 48 n=5, UNL 55 n=6, Historic/Modern n=47.
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Ultimately, since site represents a period of time, the calendar year of each site was
determined (UNL 48= 2050 BC and UNL 55= AD 1500) and plotted individually against the
13C and 15N values, represented as box and whisker diagrams, of the Callorhinus ursinus,
Eumetopias jubatus, and Phoca vitulina samples to show how the stable isotopes changed over
time. The calendar year of each site was determined via subtracting 1950 from the average of the
BP range date. Significant differences within the timelines were based on the result of the
previously mentioned the Callorhinus ursinus, Eumetopias jubatus, and Phoca vitulina ANOVA
tests. While not statistically significantly different, Callorhinus ursinus 13C had an isotopically
significant decrease from 2050 BC to AD 1550( 0.9‰) and from 2050 BC to historic/modern
times ( 1.0‰). Callorhinus ursinus 15N values increased from 2050 BC to AD 1500 ( 0.5‰)
and decreased from AD 1500 to prehistoric/modern times ( 0.6‰). Overall, Callorhinus
ursinus 13C and 15N values diverged from years 2050 BC to AD 1500 and covaried from AD
1500 into prehistoric/modern time (Figure 24).
Additionally, Eumetopias jubatus 13C values increased from 2050 BC to AD 1500 and
decreased to prehistoric/modern times. A significant decrease in Eumetopias jubatus 13C values
occurred between 2050 BC ( 0.1‰) as well as AD 1500 to prehistoric/modern times ( 1.2‰).
Eumetopias jubatus 15N values increased from 2050 BC to AD 1500 ( 0.6‰) and decreased
from AD 1500 to prehistoric/modern times ( 0.4‰). Overall, it can be seen that Eumetopias
jubatus 13C and 15N values covaried from years 2050 BC to AD 1500 and diverged from AD
1500 into prehistoric/modern time (Figure 25).
Phoca vitulina 13C values decreased from 2050 BC to AD 1500 ( 0.5‰) and continued
to decrease from AD 1500 to prehistoric/modern times ( 1.3‰). Phoca vitulina 15N values
increased from 2050 BC to AD 1500 ( 0.1‰) and decreased from AD 1500 to
prehistoric/modern times ( 1.0‰). Overall, Phoca vitulina 13C and 15N values diverged from
years 2050 BC to AD 1500 and covaried from AD 1500 into prehistoric/modern time (Figure
26). In summary, by comparing the three timelines (Figures 24- 26), Callorhinus ursinus and
Phoca vitulina exhibited the same trend for both 13C and 15N values over time. Overall, 13C
values differed significantly for both Eumetopias jubatus and Phoca vitulina, while only 15N
differed significantly for Callorhinus ursinus individuals.
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Figure 24. Stable carbon (13C) and nitrogen (15N) isotope ratios of marine mammal taxon Callorhinus ursinus over time. Calendar
years were determined based on the average of the BP ranges per site: UNL 48= 2050 BC and UNL 55= AD 1500. Trend lines
connect the mean values, represented as the ‘x’ in the box and whisker plots, of each time period. Time periods with the same colored
symbol are considered significantly different. UNL 48 n=18, UNL 55 n=25, and historic/modern n=28. UNL 48 occurs within the
Transitional Period and UNL 55 within the Little Ice Age.
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Figure 25. Stable carbon (13C) and nitrogen (15N) isotope ratios of marine mammal taxon Eumetopias jubatus over time. Calendar
years were determined based on the average of the BP ranges per site: UNL 48= 2050 BC and UNL 55= AD 1500. Trend lines
connect the mean values, represented as the ‘x’ in the box and whisker plots, of each time period. Time periods with the same colored
symbol are considered significantly different. UNL 48 n=23, UNL 55 n=35, and historic/modern n=56. UNL 48 occurs within the
Transitional Period and UNL 55 within the Little Ice Age.
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Figure 26. Stable carbon (13C) and nitrogen (15N) isotope ratios of marine mammal taxon Phoca vitulina over time. Calendar years
were determined based on the average of the BP ranges per site: UNL 48= 2050 BC and UNL 55= AD 1500. Trend lines connect the
mean values, represented as the ‘x’ in the box and whisker plots, of each time period. Time periods with the same colored symbol are
considered significantly different. UNL 48 n=5, UNL 55 n=6, and historic/modern n=47. UNL 48 occurs within the Transitional
Period and UNL 55 within the Little Ice Age.
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Discussion

Effect of Prehistoric Periods
The enriched 13C and 15N values for archaeofaunal remains at UNL 48 can be
explained by the environmental conditions during this time period (Figures 2 and 5). UNL 48
corresponds to the transitional interval of the Holocene, in which climate is intermediate of that
from the Hypisthermal to Neoglacial Interval. The Hypisthermal Interval is identified as having
low production due to warm surface waters and ice melt which resulted in a stable water column.
The climate began to cool during the transitional interval to the beginning of the Neoglacial
Interval (Kaufman et al., 2004; Mann et al., 1998). Cold temperatures promote mixing of the
water column, allowing deeper cold nutrient-rich water to be used by primary producers in
surface waters, thus increasing the amount of production, thereby enriching 13C (Chavez et
al.,2011; Svendrup, 1953). Cooling temperatures are supported by pollen records which show
rejuvenation of glacial activity at the beginning of the Neoglacial Interval around the Gulf of
Alaska (Ager, 1983; Calkin et al., 2001; Heusser, 1995). The depletion of 13C and 15N from
the beginning (UNL 50 occupation) to end of the Neoglacial interval (UNL 92 occupation)
relates to the transitioning to a warmer climate of the following geologic time period, the
Medieval Climatic Anomaly (Mann et al., 2009). Warm air temperatures cause surface waters to
warm, hindering oceanic mixing as a result of a stable water column, and less food for primary
producers (depleted 13C) (Chavez et al., 2011; Sigman and Hain, 2012). The warming
temperatures of the MCA are supported by soil formation and forest growth in southern Alaskan
mountains, which were once glaciated (Wiles et al., 2008). The enrichment of 13C and 15N
from UNL 92 occupation to UNL 55 occupation correlates to cooling atmospheric temperatures
from the end of the Neoglacial Interval to the middle of the Little Ice Age (Gonyo et al., 2012;
Jones et al., 2014; Maschner et al., 2014). Tree ring records indicate cold temperatures during the
LIA, causing two different glacial advances in southern Alaska during this time period (Wiles et
al., 1999). Cold temperatures promote mixing of the water column, allowing deeper cold
nutrient-rich water to be used by primary producers at surface waters, thus increasing the amount
of production (enriching 13C) (Chavez et al., 2011; Svendrup, 1953).
The most important observation is that 13C and 15N covary (either both increase or
decrease) per site through the Holocene (Figure 5). During periods of 13C decrease, 15N also
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decreases, indicating that there is no trophic level change with lower primary production. These
observations contradict a typical ecosystem with declining 13C values. It is expected that as
13C decreases, 15N would increase because as primary production decreases, animals are
forced to search and utilize prey organisms they might not normally forage under productive
time periods, increasing the number of trophic levels within a food web. Additionally, during
periods of 13C increase, 15N is expected to decrease, leading to fewer trophic levels due to less
competition for food as a result of more primary production (Hirons et al., 2001; Schell 2000).
However, observations from this study show that there is no trophic level change with increases
or decreases in 13C during these prehistoric time periods. These trends may be the result of
uneven distribution of marine mammal taxa per archaeological site. UNL 48 is the only site
containing at least one individual from the 12 marine mammal taxa included in this study. The
uneven distribution is mostly due to missing pinniped samples from sites UNL 92 and UNL 50.

Cetaceans
Unidentified cetaceans, represented at all four prehistoric sites, are likely comprised of
both baleen and toothed whales (Figure 11). The 15N values span more than two trophic levels
(DeNiro and Epstein 1981; Pauly et al., 1998). The difference in trophic levels could be
explained by the isotopic difference between large zooplankton (baleen whale) and smaller fish
(toothed whales). Baleen whale diet consists of medium to large zooplankton and small pelagic
fish, while toothed whales forage on a combination of medium to large fish, large crustaceans
and cephalopods (Berta et al., 2006). The 15N of the lone killer whale sample is nearly identical
to the mean unidentified cetacean value, likely indicative of fish-based diet. Newsome et al.
(2009) found similar 15N values in tooth collagen for resident ecotype killer whales. The trophic
overlap between unidentified cetaceans and Phocoenoides dalli (Dall’s porpoise) supports the
idea that small odontocete whales are represented in unidentified cetaceans. Inventory of the
marine mammal bones excavated from the archaeological sites show that cetaceans bone remains
were mostly of small body cetaceans, such as Phocoena phocoena (harbor porpoise) and
Phocoenoides dalli, indicating that native Aleuts hunted smaller toothed whales (Davis, 2001;
Knecht et al., 2001). The 13C of the unidentified cetaceans span ~3‰. The range in 13C of
unidentified cetaceans could be due to differences based on habitat (nearshore vs. offshore).
Cetaceans reside in both coastal waters, such as harbor porpoise and minke whales, and open
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ocean waters, such as blue and sei whales (Gaskin, 1982). The depleted 13C values exhibited by
unidentified cetaceans could represent the lipid-rich zooplankton inhabiting the waters of the
North Pacific and Arctic oceans (Saupe et al., 1989; Schell et al., 1998). Baleen whales such as
bowhead, right, blue, gray, humpback, minke, fin, sei, are found in theses Arctic waters (Zerbini
et al., 2006). Smith and Read (1992) supports the idea of unidentified cetaceans comprising of
both baleen and toothed whales based on 13C and 15N values, reporting euphausiids in the
stomachs of harbor porpoise calves and fish that prey on euphausiids in adult harbor porpoise
stomachs.
The depleted 13C and 15N of unidentified cetaceans from late prehistoric sites (UNL 55
and UNL 92) compared to early prehistoric sites (UNL 50 and UNL 48) are likely due to more
mysticete whales in the late prehistoric sites, causing the sites to be more depleted in 13C and
15N, and more odontocete whales in the early prehistoric site, causing the sites to be more
enriched in 13C and 15N (Figure 11). Mysticete whales feed on lower trophic level, lipid-rich
organisms such as plankton, small crustaceans, or small pelagic fish, giving them more depleted
13C and 15N (Berta et al., 2006; Schell et al., 1998). Odontocete whales feed on fish, squid,
large crustaceans, birds, and other marine mammals, and occupy higher trophic levels than
mysticete whales, resulting in higher 15N values (Berta et al., 2006). Another possible
explanation for differences in 13C and 15N among sites is likely due to naturally occurring
periods of environmental fluctuations throughout the Holocene (Figure 2). The depletion in 13C
from early to late prehistoric sites can result from a climate change from cool to warm
temperatures. UNL 48 occupation occurred during the end of the transitional period, where the
climate was cool with increased precipitation, resulting in more primary production (Kaufman et
al., 2004; Mann et al., 1998). Whereas, UNL 92 occurred during the end of the Neoglacial
interval when temperatures were beginning to increase into the Medieval Climatic Anomaly,
resulting in less primary production and resulting depleted 13C values (Barclay et al., 2009;
Calkin et al., 2001; Mann and Hamilton, 1995; Mann et al., 1998).

Mysticeti and Odontoceti Whales
This study shows that stable isotope analysis can be used as a tool to distinguish the
orders Mysticeti and Odontoceti from unidentified cetacean archaeofaunal remains. Specific
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taxonomic order is distinguished based on the 13C and 15N of the significantly different
unidentified cetacean groups. Individuals from the 13C depleted cetacean group are likely
mysticete (baleen) whales, while individuals from the 13C enriched cetacean group are likely
odontocete (toothed) whales (Figure 12). Mysticete whales have different feeding apparatuses
and resulting feeding strategies than odontocete whales. The baleen of mysticete whales allows
them to feed on lower trophic level organisms (plankton, small crustaceans, or small pelagic fish)
at the base of the food web (Berta et al., 2006; Gaskin, 1982). Odontocete whales use their teeth
to forage on higher trophic level organisms such as fish, squid, large crustaceans, birds, and even
other marine mammals (Berta et al., 2006; Gaskin, 1982). This hypothesis is further supported by
prehistoric species Phocoenoides dalli and Phocoena phocoena (odontocete whales) being
clustered in the 13C enriched unidentified cetacean group. Phocoenoides dalli prey include fish
and cephalopods, while Phocoena phocoena feed on fish that prey on euphausiids (Smith and
Read, 1992; Walker, 1996). The difference in prey types cause Phocoena phocoena to have a
higher trophic level (enriched 15N) compared to Phocoenoides dalli. Similar taxonomical
diagnostics were done by Corbett et al. (2008) in the Commander Islands, in which Steller’s sea
cow remains were determined from prehistoric deposits using stable isotope analysis. The
Steller’s sea cow was the only herbivorous marine mammal in the area, having a stable isotope
composition that strongly differs from that of mysticete and odontocete whales (Clementz et al.,
2009; Corbett et al., 2008; Gorlova et al., 2015).
The 13C and 15N of the single killer whale (Orcinus orca) bone sample is -17.97‰ and
12.69‰, respectively (Figure 12). These values fall outside of both unidentified cetacean groups
13C and 15N. The Orcinus orca individual has a 13C similar to the 13C enriched unidentified
cetacean group and a 15N value intermediate of the two unidentified cetacean groups.
Additionally, it is believed that its prey should have a 13C of ~ -19‰ and a 15N of ~ 9.7‰.
This leads to the belief that the Orcinus orca individual forages on fish and is considered a
resident killer whale population. Fish are the only Orcinus orca prey items whose 15N would be
that depleted; Orcinus orca that forage on other marine mammals (transient population type)
would have a more enriched 15N (Berta et al., 2006; Ford et al., 1998). Newsome et al. (2009)
compared tooth collagen 13C and 15N values of resident and transient Orcinus orcas and found
a depletion in 15N for resident ecotype (fish eater) killer whales.
80

The depleted 13C of all cetaceans (Phocoenoides dalli, Phocoena phocoena, Orcinus
orca, Unidentified Cetaceans, and modern cetaceans, both Mysticeti and Odontoceti) from the
early prehistoric sties (UNL 48 to UNL 50) to late prehistoric sites (UNL 50 and UNL 92) is
possibly due to climatic changes from the end of the transitional interval to the end of the
Neoglacial Interval (Figure 13). The climate was cool during the transitional interval (Kaufman
et al., 2004; Mann et al., 1998). Cold temperatures promote mixing of the water column,
allowing deep, cold, nutrient-rich water to be used by primary producers at surface waters, thus
increasing the amount of production (enriching 13C) (Chavez et al., 2011; Svendrup, 1953). The
13C then starts to decrease to the end of the Neoglacial Interval due to environmental conditions
transiting into the warmer climate of the following Medieval Climatic Anomaly (Mann et al.,
2009). Warm ambient air temperatures cause surface waters to warm, hindering oceanic mixing,
resulting in a stable water column and less food for primary producers (Chavez et al., 2011;
Sigman and Hain, 2012). The enrichment of 13C from early to late prehistoric sites correlates to
cooling atmospheric temperatures from the end of the Neoglacial Interval to the middle of the
Little Ice Age (Gonyo et al., 2012; Jones et al., 2014; Maschner et al., 2014). Cold temperatures
promote mixing of the water column which can lead to increased primary production, and
enriched 13C (Chavez et al., 2011; Svendrup, 1953). The decreasing 13C of all cetaceans from
UNL 55 to modern likely results from a decrease in primary production due to increase in
anthropogenic atmospheric CO2 into the oceans. It is expected that the δ13C of primary producers
will decrease during periods of elevated atmospheric CO2 (Clementz, 2012).
All cetaceans 13C and 15N diverge from 2050 BC to 1050 BC and covary 1050 BC to
AD 1500 and diverge from AD 1500 to modern (Figure 13). The same diverging 13C and 15N
trend is observed in mysticete whales from AD 0 to AD 1500 and AD 1500 to modern (Figure
14). Divergent trends indicate that cetaceans, as a result from decreased primary productivity,
forage at more trophic levels, resulting in a longer food web (Hirons et al., 2001; Schell 2000).
Time periods with divergent 13C and 15N correspond to a cool climate. The late prehistoric
cool climate is supported by tree ring records that indicate cold temperatures during the LIA,
causing two different glacial advances in southern Alaska during this time period (Wiles et al.,
1999). The odontocete whale timeline plot shows that 13C and 15N covary through time (Figure
15). This suggests that odontocete whales did not have to forage for food beyond that of their
typical trophic level.
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The most notable observation between prehistoric and modern mysticete and odontocete
whales is that modern mysticete whales have 15N values that are within the range of prehistoric
odontocete whale 15N values (Figure 16). Modern mysticete whale 15N values are enriched 4‰
compared to the mean 15N of prehistoric mysticete whales. This could be due to modern
mysticete whales having to forage on higher trophic level organisms, such as larger zooplankton,
during times of decreased primary production. Modern odontocete whales also show an
enrichment 15N compared to the mean 15N of the prehistoric odontocete whales ( 2.2‰). This
could mean that modern odontocete whales have to forage on higher trophic level organisms
such as larger fish species.

Pinnipeds
Depleted 13C in the migratory Callorhinus ursinus reflects a diet ranging from
continental shelf waters of the Bering Sea to open ocean pelagic waters of the North Pacific
Ocean (Burton et al., 2001; Perez and Bigg, 1986; Springer et al., 1999) (Figure 6). Enriched
13C in Phoca vitulina indicates a nearshore foraging pattern (Graham et al., 2010; Hobson et al.,
1997; Trites, 2001). Burton et al. (2001), Misarti et al. (2009), and Newsome et al. (2007) found
similar patterns in 13C when comparing prehistoric Callorhinus ursinus and Phoca vitulina.
Eumetopias jubatus 13C values are intermediate of those from Callorhinus ursinus and Phoca
vitulina, likely representing travel between nearshore to open ocean waters to forage (Burton et
al., 2001; Hobson et al., 1997; Springer et al., 1999). Similar 15N for all three pinniped species
indicates that they forage on similar trophic level organisms.
Unidentified pinnipeds in the prehistoric sites likely represent the species Callorhinus
ursinus, Eumetopias jubatus, and Phoca vitulina (Figure 6). Unidentified pinniped 13C and 15N
values span the same ranges as Callorhinus ursinus, Eumetopias jubatus, and Phoca vitulina.
The 13C and 15N of the ice seal species Phoca hispida has depleted values compared to
unidentified pinnipeds. Phoca hispida have a diet consisting of small crustaceans, euphausiids,
and a variety of fish (Lowry et al., 1980).
Among pinniped species (Callorhinus ursinus, Eumetopias jubatus, and Phoca vitulina),
the most notable overall change in stable isotope ratios is the depletion of δ13C in all three
modern species compared to prehistoric values (Figures 17-23). The δ13C depletion occurs even
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after modern δ13C values were corrected for Suess Effect and increase in phytoplankton δ13C
fractionation due to increase in CO2 aq. These three species have an average δ13C decrease of
0.9‰ from prehistoric to historic/modern as well as an average δ13C decrease of 1.3‰ from the
oldest prehistoric site (UNL 48) to historical modern.
Possible reasons for the decrease in δ13C from prehistoric to historic/modern is a
reflection of a decrease in primary production in Gulf of Alaska and Bering Sea. Phytoplankton
growth is determined by water temperature, light for photosynthesis, and nutrient availability
(Hobson et al., 2004). This idea is supported by Hirons et al. (2001), Misarti et al. (2009), and
Schell (2001), who suggest a decrease in δ13C reflects a decrease in primary production within
these regions. Another possible explanation for the long-term decline in δ13C is due to changes in
the composition of atmospheric CO2 sourced to marine waters. It is expected that primary
producers’ δ13C values decrease during periods of elevated atmospheric CO2 (Clementz, 2012).
This is apparent in the Bump et al. (2007) study, as mean δ13C values for producers and
consumers (plant cellulose, terrestrial bone collagen, and ice cores) show a significant decrease
15,000-12,000 years ago following the Last Glacial Maximum, corresponding to the interval of
increasing CO2 (Clementz, 2012). The increase in CO2 results in a greater carbon pool for
photosynthesizing primary producers, strongly discriminating against the heavier carbon isotope
and leading to the decrease in plant and animal δ13C values (Bump et al., 2007; Gorlova et al.,
2015). Additionally, Newsome et al. (2007) correlate the decrease in δ13C of Callorhinus ursinus
teeth collected from the Pribilof Islands in the eastern Bering Sea throughout the 20th century to
the effects on phytoplankton in response to increased 13C-depleted CO2 due to the burning of
fossil fuels (Suess Effect). Burton et al. (2001) also determine δ13C decrease in modern Phoca
vitulina compared to middle Holocene individuals reflects depleted δ13C of surface carbon
reservoirs due to burning of fossil fuels. Similar shifts have been observed in time series from
plants (Marino and McElroy, 1991) and ice cores (Indermuhle et al., 1999). A third hypothesis to
account for lower δ13C in modern pinnipeds is correlated with a reconstruction of the
ocean/climatic system in the northeastern Pacific Ocean and Bering Sea at the end of the Little
Ice Age. Northwestern Alaska tree ring chronologies suggests different prehistoric circulation
patterns (D’Arrigo et al., 2005). Climatic reconstruction could have resulted in productivity
changes in prehistoric compared to historic/modern (Misarti et al., 2009). The final explanation
is a change in forage location from prehistoric to historic/modern. Prehistoric pinnipeds should
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have spent a greater percentage of time foraging in productive nearshore waters, while
historic/modern pinnipeds may forage more in less productive offshore waters (Misarti et al.,
2009). However, a diet shift in response to change in prey abundance and availability is not
largely supported because δ15N stays relatively the same.
Another noticeable difference is that Callorhinus ursinus is the only one of the three
pinniped species whose modern δ15N values are significantly different from prehistoric (Figures
17 and 21). A larger discrimination in δ15N exists in Callorhinus ursinus compared to
Eumetopias jubatus, and Phoca vitulina. One possible explanation is prehistoric Callorhinus
ursinus foraged at a different trophic level than historic/modern Callorhinus ursinus. As primary
production decreased from prehistoric to historic/modern times, Callorhinus ursinus would have
to forage for more food, increasing the number of trophic levels. Also, Eumetopias jubatus is the
only one of the three pinniped species whose mean δ15N was more enriched from prehistoric to
historic/modern ( 0.6‰), though not significantly different (Figures 18 and 22). This was also
observed in Misarti et al. (2009) for Callorhinus ursinus. One possible explanation could be due
to the age type (juveniles and adults) of individuals per site. Age type for individuals from this
study were mostly unknown, but both juveniles and adults were represented within UNL 55.
Newsome et al. (2006) determined that post weaned juvenile Callorhinus ursinus δ15N decreases
compared to pre-weaned and adult values. The unknown number of individuals from each age
type makes it difficult to draw conclusions about the δ15N differences in prehistoric and
historic/modern Eumetopias jubatus. However, all δ15N changes between prehistoric (grouped
and separate) and historic/modern are less than 3‰; therefore, there is no trophic change over
time (2050 BC to AD 2002) for Callorhinus ursinus, Eumetopias jubatus, and Phoca vitulina.
Timeline trends are similar for Callorhinus ursinus and Phoca vitulina in which 13C and
15N values diverge from years 2050 BC to AD 1500 and covary from AD 1500 into
prehistoric/modern time for both taxa. This could mean that as primary production decreases
(depleted 13C from early to late prehistoric sites), 15N increases as a result of increased trophic
levels. However, Eumetopias jubatus demonstrates the opposite trend, in which 13C and 15N
values covary from years 2050 BC to AD 1500 and diverge from AD 1500 into
prehistoric/modern time. The decrease in primary production (depleted 13C from the late
prehistoric site to historic/modern) may have caused an enrichment in 15N as a result of
increased trophic levels due to foraging for more food. The opposite 13C and 15N trends in
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Callorhinus ursinus and Phoca vitulina compared to Eumetopias jubatus may indicate a dietary
shift in response to changes in prey abundance and availability between prehistoric and modern
times. Additionally, the reason these most recent (AD 1500 to modern) inverse isotopic trends
were observed in Eumetopias jubatus and not in Phoca vitulina may be due to their trophic level
positions. Higher trophic level organisms, such as Eumetopias jubatus, are more sensitive to
changes in production compared to lower trophic level organisms, such as Phoca vitulina.
Decrease in primary production may be less apparent in Phoca vitulina and are still able to
maintain a normal trophic level during these conditions.

Conclusion

This study illustrates that through the use of stable carbon and nitrogen isotope ratios,
changes in primary production and tropic dynamics in the North Pacific Ocean can be correlated
to periods of naturally occurring environmental fluctuations throughout the Holocene. These
prehistoric data were used as a baseline to determine the extent historic and modern
environmental fluctuations can be ascribed to anthropogenic influences. Modern pinnipeds and
modern cetaceans showed a significant decrease in δ13C when compared to their prehistoric
counterparts. These data show the importance of using corrected (Suess Effect and
phytoplankton δ13C fractionation) δ13C values for modern samples (Figure 27). Uncorrected δ13C
values of all modern specimens used in this study (Callorhinus ursinus, Eumetopias jubatus,
Phoca vitulina, and cetacean samples) shows a decrease in δ13C over time ( 0.5‰), compared
to the significantly larger decrease in corrected δ13C values over time ( 1.1‰). Corrected δ13C
values give a more accurate representation and show the effect of increased anthropogenic
atmospheric CO2 into the ocean through time. If levels of atmospheric CO2 into the ocean
continues to increase, we can predict that δ13C will continue to become more depleted, as seen by
the decreasing δ13C slopes from prehistoric to modern for all pinniped species and cetaceans
observed in this study, resulting in food web modifications.
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Figure 27. Comparison of modern uncorrected (A) vs. corrected (B) 13C data. Samples include
all modern Callorhinus ursinus, Eumetopias jubatus, Phoca vitulina, and cetacean samples.
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Appendix 1. North Pacific Ocean modern marine mammal trophic levels. Prey items and trophic
levels were sourced from primary literature (Pauly et al., 1998; Trites, 2001).

Order/
Parvorder

Species

Common
Name

Trophic
Level

Prey items

Sirenia

Hydrodamalis
gigas

Steller’s sea
cow

2

marine plants

Mysticeti

Balaenoptera
musculus

Blue whale

3.2

large zooplankton (small
crustaceans, krill)

Mysticeti

Balaena
mysticetus

Bowhead
whale

3.2

large zooplankton (small
crustaceans, krill)

Carnivora

Odobenus
rosmarus

Walrus

3.4

benthic invertebrates (sea urchins,
bivalve mollusks, crustaceans)

Carnivora

Erignathus
barbatus

Bearded seal

3.4

benthic invertebrates (sea urchins,
bivalve mollusks, crustaceans)

Carnivora

Enhydra lutris

Sea otter

3.4-3.5

benthic invertebrates (sea urchins,
bivalve mollusks, crustaceans)

Mysticeti

Megaptera
novaeangliae

Humpback
whale

3.6

krill, small pelagic fish (clupeoids,
small scombroids)

Mysticeti

Balaenoptera
physalus

Fin whale

3.6

krill, small pelagic fish (clupeoids,
small scombroids)

Mysticeti

Balaenoptera
acutorostrata

Minke whale 3.6

krill, small pelagic fish (clupeoids,
small scombroids)

Carnivora

Phoca fasciata

Ribbon seal

3.8-4.0

fish species

Carnivora

Phoca hispida

Ringed seal

3.8-4.0

fish species

Carnivora

Phoca largha

Spotted seal

3.8-4.0

fish species

Carnivora

Phoca vitulina

Harbor seal

3.8-4.0

fish species

Odontoceti

Phocoenoides
dalli

Dall’s
porpoise

4.1

fish, squid, large crustaceans,
birds, marine mammals
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Carnivora

Zalophus
californianus

California
sea lion

4.1-4.2

pelagic fish species

Carnivora

Callorhinus
ursinus

Northern fur
seal

4.1-4.2

pelagic fish species

Carnivora

Eumetopias
jubatus

Steller sea
lion

4.1-4.2

pelagic fish species

Odontoceti

Phocoena
phocoena

Harbor
porpoise

4.2

fish, squid, large crustaceans,
birds, marine mammals

Carnivora

Mirounga
angustirostris

Northern
elephant seal

4.3

small squid (families with mantle
lengths up to 50cm)

Odontoceti

Physeter
macrocephalus

Sperm whale 4.4

fish, squid, large crustaceans,
birds, marine mammals

Odontoceti

Orcinus orca

Killer whale

4.5

fish, squid, large crustaceans,
birds, marine mammals

Carnivora

Ursus
maritimus

Polar bear

4.8

ringed seal

102

